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ABSTRACT 
The transition between the closed and open conformations of the Sec61 complex 
permits nascent protein insertion into the translocation channel.  A critical event in this 
structural transition is the opening of the lateral translocon gate that is formed by four 
transmembrane (TM) spans (TM2, TM3, TM7 and TM8 in Sec61p) to expose the signal 
sequence-binding (SSB) site.  To gain mechanistic insight into lateral gate opening, 
mutations were introduced into a lumenal loop (L7) that connects TM7 and TM8.  The 
sec61 L7 mutants were found to have defects in both the posttranslational and 
cotranslational translocation pathways due to a kinetic delay in channel gating.  The 
translocation defect caused by L7 mutations could be suppressed by the prl class of sec61 
alleles that reduce the fidelity of signal sequence recognition.  The prl mutants are 
proposed to act by destabilizing the closed conformation of the translocation channel.  
Our results indicate that the equilibrium between the open and closed conformations of 
the protein translocation channel maintains a balance between translocation activity and 
signal sequence recognition fidelity. 
In the opening of the translocation channel, both the lateral and lumenal gate must 
open in a coordinated fashion for efficient protein translocation to occur.  The lumenal 
gate is composed of a short helix of the loop preceding the second TM span, referred to 
as the plug helix, and six hydrophobic pore ring residues which form the constriction ring 
in the center of the channel.  We identified three lateral gate polar residues and three 
hydrophobic residues from the plug domain that affect channel gating.  Mutagenesis of 
the lateral gate polar cluster residues yields either a gain of function (prl phenotype) or a 
loss of function (translocation defect) phenotype.  The combination of polar cluster 
vi 
 
 
 
mutations with each other or with plug domain mutations which cause a prl phenotype 
resulted in the mutually suppressive or additive phenotypes in double mutant strains.  
Cooperation between these residues is made possible through a structural link which 
connects the two translocation channel gates at their interface.  The structural link 
provides a mechanism for the channel to coordinate the movement of multiple domains in 
the channel gating conformational change.  Translocation assays demonstrated that this 
mechanism of gating regulation is particularly important for efficient protein 
translocation of substrates using the posttranslational translocation pathway.  Our results 
indicate that residues from the plug and lateral gate domain form a regulatory cluster of 
residues responsible for efficient translocation channel gating.  
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CHAPTER I 
Introduction 
 A defining characteristic of eukaryotic cells is the presence of internal 
membranes, which allows for compartmentalization of cellular contents into organelles.  
These membranes serve as restrictive barriers which do not allow diffusion of most 
contents in or out.  The containment of contents allows for the establishment of a specific 
function for the organelle as defined by the unique molecules contained inside, as well as 
by those integrated into and associated with the membrane.  While most proteins in the 
cell are synthesized by free and membrane associated ribosomes in the cytosolic space, it 
is estimated that about 30% of proteins enter the secretory pathway and need to be 
transported to a destination either inside or outside the cell. The mechanism by which the 
cell selects a subset of proteins for transport is an essential part of the life cycle of the 
cell.   
 The endoplasmic reticulum (ER) is the first stop for many proteins such as those 
integrated into membranes, secreted out of the cell, or transported to endocytic and 
exocytic organelles.  Translocation begins with the emergence of the signal sequence 
from the ribosome.  A typical signal sequence is approximately 20 residues long and 
consists of three parts, a 7-13 residue hydrophobic core, an N-terminal positively charged 
region and, in the case of proteins with cleavable signals, a C-terminal signal cleavage 
site (von Heijne, 1990; Gierasch, 1989).    
 The concept of how an N-terminal signal is used in protein targeting to a protein 
channel in the ER was proposed in the signal hypothesis in 1975.  While currently well 
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accepted, the proposal of the signal hypothesis contrasted with other models of the time 
which included proteins crossing a membrane spontaneously.  While little was known 
about the secretory pathway at the time, the development of the signal hypothesis was 
made possible through discoveries in important historical experiments which shall be 
reviewed here.   
Signal hypothesis and the secretion model 
 The signal hypothesis states that proteins which are to be translocated into the ER 
contain an N-terminal signal sequence which targets the protein to the ER membrane.  
Targeting occurs while the protein is being translated, and the attachment of the ribosome 
nascent chain complex to the ER is mediated by the ribosome’s interaction with an 
integral membrane protein now known to be the Sec61 translocation channel.  Upon 
attachment, the nascent polypeptide is then translocated into the ER and the signal 
sequence can be cleaved (Fig. 1.1 dashed line of the polypeptide).  After translocation is 
finished, the ribosome can then detach from the channel to be recycled (Fig. 1.1).  While 
not all of the parts of the pathway were known, the concept of peptide signal targeting the 
ribosome to a membrane protein channel still holds true today and provided the first 
mechanistic hypothesis regarding protein import into the ER.   
 The role of the ER in protein transport was discovered soon after its identification 
as a membrane enclosed organelle by electron microscopy associated with large particles, 
later identified as ribosomes (Porter et al, 1945; Porter & Thompson, 1948).  These 
membrane associated ribosomes were observed in multiple isolated tissue sections 
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Figure 1.1 An early model for the signal hypothesis 
Unique information in the mRNA (jagged line) following the start codon produces the 
protein signal sequence (dashed line).  The signal sequence allows for the targeting of the 
polysome to the ER membrane. A channel composed of protein components would 
assemble in response to ribosome targeting to the membrane, allowing the protein to be 
translocated into the ER lumen concurrent with translation.  As shown, upon entering the 
ER the signal sequence is cleaved.  The fully translated protein will fold in the ER lumen 
and the ribosome will then dissociate allowing it to be recycled back into the pathway.  
Figure taken from (Blobel & Dobberstein, 1975a). 
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(Porter & Kallman, 1952; Porter, 1953) as well as in cultured cells (Palade, 1955a, 
1955b).   
 Pioneering work established the existence of a ribosome ER membrane junction 
through a series of radiolabeling experiments in rats.  Microsomes, a subfraction of the 
rat cells, were found to contain a larger amount of radiolabeled proteins than the other 
cell fractions, suggesting their involvement in transport (Borsook et al, 1950).  The role 
of ER in this transport was cemented by investigations of Siekevitz and Palade who 
determined that microsomes were largely composed of ER (Palade & Siekevitz, 1956).  
Additional key experiments using radio-labeled amino acids demonstrated that the 
attached RNA containing portion of the microsomes was important for transport 
(Zamecnik & Keller, 1954) and later discovered to be a site of protein synthesis 
(Littlefield et al, 1955).   
 The transport of proteins into microsomes became the first step in the 
development of a working model of protein secretion.  Further experiments using 
pancreatic tissue, the secretion model system of the time, demonstrated that labeled 
amino acids, given longer incubation times, could not only be transported into 
microsomes but in subsequent cell subfractions (Siekevitz & Palade, 1958).  Later in vivo 
experiments, using a well-known secreted protein α-chymotrypsinogen, demonstrated the 
pathway applied to proteins and was not restricted to amino acids (Siekevitz & Palade, 
1960).  
 While the early models of the secretory pathway still hold true today, some of the 
observed results did remain somewhat ambiguous.  It remained unclear whether the 
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attached ribosomes synthesized proteins concurrent with the protein’s direct transport 
into the ER lumen or if proteins diffused after synthesis into the cytosol to be later 
transported into the ER.  Improvements in both experimental design and quantification 
allowed several studies to demonstrate finally that synthesis of proteins could indeed 
occur concurrently with transport into the ER.  At the time this transport was referred to 
as “vectorial discharge” or unidirectional transport, and is presently referred to as the 
cotranslational translocation pathway (Redman et al, 1966; Redman & Sabatini, 1966; 
Sabatini & Blobel, 1970).   
 While the ribosome membrane junction serves a functional role in allowing 
proteins to cross the diffusion barrier of the membrane, many questions remained about 
the mechanism of transport.  One in particular is how are individual proteins selected for 
transport and targeted to the ER?  The RNA content of free and attached ribosomes 
provided the information needed to pave the way to determine the method of selection.  It 
was shown that mRNAs on membrane attached ribosomes encode secreted proteins while 
the mRNAs on free ribosomes encode cytosolic and nuclear proteins (Ganoza & 
Williams, 1969).  It was then proposed by Blobel in 1971 that the mRNA sequence 
contained unique information which encodes a protein’s signal sequence used to target 
the proteins which are synthesized on ER bound ribosomes.  This concept was then 
further explained in depth in a landmark publication known as the signal hypothesis 
(Blobel & Dobberstein, 1975a). 
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The translocation channel 
 In the signal hypothesis, a protein channel in the ER membrane facilitates the 
transport of proteins into the ER.  Support for the existence of this channel was provided 
by electrophysiology experiments as well as fluorescence quenching experiments which 
demonstrated the presence of a large channel in rough microsomes (Simon et al, 1989; 
Crowley et al, 1993).  This channel was then indeed later determined to be associated 
with protein translocation function, though these data were controversial at the time 
(Simon & Blobel, 1991).    
 The identity of strong candidates for the protein conducting channel resulted from 
genetic screens in E. coli and in yeast.  In yeast, these screens identified Sec61p which is 
encoded by an essential gene.  Mutations in genes encoding the yeast Sec61p protein 
result in defects for all types of secreted proteins (Deshaies & Schekman, 1987; Rothblatt 
et al, 1989; Stirling et al, 1992). The Sec61 complex is conserved in all species including 
mammals (Görlich et al, 1992).  Sec61 was shown using a mammalian in vitro 
reconstitution experiment, along with the SRP receptor, to constitute the minimal 
required membrane components for protein translocation to occur for a subset of proteins 
(Görlich & Rapoport, 1993). Site directed cross-linking experiments helped cement the 
Sec61 complex as the protein conducting channel.  It was demonstrated that Sec61 is in 
direct contact with all regions of the substrate protein, including the signal sequence as 
well as the following polypeptide sequence during the protein translocation reaction 
(Mothes et al, 1994).  These data provided strong evidence that Sec61 is part of the 
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translocation channel, a channel now known to be involved in several distinct transport 
pathways. 
 The protein conducting channel (PCC) of the ER is the core component of both 
the cotranslational and posttranslational translocation pathways.  At the heart of the PCC 
is the Sec61 heterotrimer.  In the cotranslational pathway, the Sec61 heterotrimer is the 
PCC, while in the yeast posttranslational pathway the Sec61 heterotrimer is accompanied 
by four other accessory proteins to form the PCC, called the Sec complex.  The main 
subunit of the Sec61 heterotrimer is a ten transmembrane span protein termed Sec61p in 
yeast (Sec61α in mammals and SecY in bacteria and archaea, (Table 1.1)).  The two 
additional single transmembrane proteins are Sss1p (Sec61γ in mammals, SecE in 
bacteria and archaea) and the nonessential beta subunit Sbh1p (Sec61β, SecG and Secβ) 
(Panzner et al, 1995; Hartmann et al, 1994).  Purification of the entire Sec complex from 
yeast yielded the novel identification of the Sbh1 beta subunit homolog (Panzner et al, 
1995), while sequence analysis confirmed that Sss1p was the yeast gamma subunit 
(Hartmann et al, 1994).  Sss1p had been previously discovered in yeast to serve as a 
suppressor of select Sec61 alleles when overexpressed in cells (Esnault et al, 1993) and is 
also encoded by an essential gene (Esnault et al, 1993).   
 The S. cerevisiae genome encodes a non-essential Sec61 homolog called Ssh1 
(Sec sixty one homolog 1) (Finke et al, 1996).  Ssh1p forms a heterotrimer complex with 
the Sss1p protein, the same protein in the Sec61 heterotrimer and a non-essential 
homolog of Sbh1p, Sbh2p, which is 50% identical to Sbh1p (Finke et al, 1996).  The 
Ssh1 heterotrimer serves as an auxiliary cotranslational translocation channel as it does  
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Translocation channel components 
Prokaryotes Mammals Sec61 Ssh1 
Sec 
complex 
SecY Sec61α 
Sec61p 
53kDa 
Ssh1p   
53kDa 
Sec61p   
53kDa 
SecG/ Secβ Sec61β 
Sbh1p    
9kDa 
Sbh2p   
10kDa 
Sbh1p      
9kDa 
SecE Sec61γ 
Sss1p    
9kDa 
Sss1p     
9kDa 
Sss1p       
9kDa 
Additional posttranslational translocation 
components 
 
Sec62 
  
Sec62p     
31kDa 
 
Sec63 
  
Sec63p     
75kDa 
    
Sec66p     
24kDa 
    
Sec67p     
21kDa 
 
Table 1.1 Components of protein translocation channels 
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not form a heptameric complex (Sec complex) like Sec61 (Finke et al, 1996).  Knock out 
of the SSH1 gene results in a minor (10%) decrease in growth rate (Finke et al, 1996) and 
a small increase in Sec61p expression levels (Jiang et al, 2008).  No substantial decrease 
in translocation function is observed in the absence of the Ssh1 channel (Finke et al, 
1996; Wittke et al, 2002).  Despite the minor effects of the removal of the channel, Ssh1 
channels are capable of suppressing some Sec61 mutations such as those which abolish 
ribosome Sec61 contacts that are important in the cotranslational translocation pathway.  
The presence of Ssh1 suppresses the growth and translocation defect phenotypes of the 
loop 6 and 8 sec61 mutants (Cheng et al, 2005).   
 In mammals, the SRP dependent cotranslational translocation pathway is almost 
exclusively used for all translocated proteins.  In yeast, the overall hydrophobicity of the 
signal sequence is a key determinant for the choice of the translocation pathway used, 
and overall hydrophobicity is recognized by the signal recognition particle (SRP).  
Proteins with more hydrophobic sequences use the cotranslational translocation pathway, 
while proteins with less hydrophobic signal sequences use the posttranslational 
translocation pathway (Ng & Walter, 1996).  Evolutionary simpler organisms such as 
bacteria translocate proteins predominately using a posttranslational translocation 
pathway.  
Overview of the cotranslational translocation pathway 
 In the cotranslational translocation pathway, the protein is translocated as it is 
being actively synthesized by the ribosome.  Upon emergence from the ribosome, an 
exposed N-terminal hydrophobic signal sequence of the nascent polypeptide is 
11 
 
 
 
Figure 1.2 Overview of the cotranslational and posttranslational translocation 
pathways 
(A) Schematic overview of the cotranslational translocation pathway.  SRP binds the 
emerging signal sequence.  The RNC is targeted to the ER membrane by the SR.  
Transfer of the RNC to the channel results from the release of the signal sequence by 
SRP.  Translocation of the protein occurs and then the ribosome and SRP are recycled.  
(B) The yeast posttranslational translocation pathway.  The fully translated protein is 
bound by cytosolic chaperones.  The bound substrate is targeted to the Sec complex in the 
ER membrane.  Shown here is the proposed capture mechanism by Kar2p (BiP) which 
prevents the subsrate from moving back through the channel.  (C) Posttranslational 
translocation pathway in prokaryotes.  The SecB bound substrate binds SecA and is 
targeted to the SecY translocation channel.  One copy of the SecY heterotrimer serves as 
the active channel.  The other prevents SecA dissociation.  SecA threads the substrate 
through the channel in a ATP dependent ratcheting motion.  Figure taken from 
(Rapoport, 2007). 
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recognized by a ribonucleoprotein complex known as the signal recognition particle 
(SRP) (Krieg et al, 1986; Kurzchalia et al, 1986; Rapoport, 2007).  SRP contains 6 
proteins SRP9, SRP14, SRP19, SRP54, SRP68, and SRP72 (Walter & Blobel, 1980) 
andone 7S RNA (Walter & Blobel, 1982).  Recent structural and biochemical data have 
provided detailed information about the mechanism of many SRP functions, including 
signal sequence recognition and targeting.  The binding of SRP to the ribosome is in 
response to the recognition of the signal sequence, which is carried out by the core 
protein of SRP, SRP54, by its M domain (Krieg et al, 1986).  SRP54 is the only protein 
of the SRP which is universally conserved across all species (Hann & Walter, 1991).  
After recognition of the signal sequence, SRP binds the ribosome, which serves to stall 
translation (Walter & Blobel, 1981; Mason et al, 2000).  The SRP RNA contains an Alu 
domain which is responsible for the arrest or retardation of ribosomal translation during 
targeting and can be seen interacting with the ribosome subunit interface (Halic et al, 
2004).  
 The SRP-bound ribosome nascent chain complex is targeted to the ER membrane 
through interaction with the S domain (SRP RNA nucleotides ~100 - 250, as well as 
proteins SRP19, SRP54, SRP68 and SRP72) of SRP to the SRP receptor (SR) (Mandon 
et al, 2003; Gilmore et al, 1982a, 1982b).  SR is a heterodimer protein containing two 
GTPases, SRα and SRβ (Miller et al, 1995).  SRβ must be bound with GTP in order to 
complex with SRα (Schwartz & Blobel, 2003).  SRβ contains a single transmembrane 
span which serves as an anchor for the SR in the ER membrane (Young et al, 1995).  The 
interaction between SRP and SR is mediated through the GTPase domains of SRP54 and 
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SRα which must also be pre-bound with GTP in order to form a high affinity complex 
(Focia et al, 2004).   
 Following membrane binding, transfer of the RNC can occur to either the Sec61 
translocation channel (Song et al, 2000; Connolly et al, 1991) or to the (Ssh1) channel 
(Finke et al, 1996).  Transfer can occur since the complex formed by SRP54 and SRα 
causes a conformational change which exposes the binding site for the translocation 
channel (Halic et al, 2006).  To locate a vacant translocon, an interaction occurs between 
SRβ and the beta subunit of either the Ssh1 or Sec61 heterotrimer (Jiang et al, 2008).  
The dissociation of SRP54 from the signal sequence and transfer of the RNC to the 
channel allows translation of the polypeptide chain to resume and leads to transport of the 
nascent polypeptide through the channel (Halic & Beckmann, 2005; Keenan et al, 2001) 
or in the case of membrane proteins into the ER membrane bilayer (Mothes et al, 1997).   
 In this later stage of translocation, it has been proposed that other non-translating 
copies of the translocation channel may also associate with the active channel.  This 
association may serve to recruit other translocation associated proteins to the site of 
translocation (Halic et al, 2006; Rapoport, 2007).  These other proteins include the 
oligosaccharyltransferase (OST) complex, signal peptidase (SP) as well as the translocon-
associated membrane protein (TRAM) and translocon-associated protein (TRAP).  
Oligomers of the Sec61 heterotrimer may also be important in the final step to help signal 
the release of the ribosome from the translocation channel (Schaletzky & Rapoport, 
2006).  Once translocation of the polypeptide is completed, the ribosome dissociates from 
the translocon so it may be recycled.   
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 In prokaryotes, proteins homologous to SRP54, SRα and the SRP RNA, known as 
Ffh, FtsY and a 4.5 S RNA are present (Fig. 1.2C).  The Ffh, FtsY and a 4.5 S RNA are 
essential for cell viability (Luirink et al, 1994; Phillips & Silhavy, 1992; Brown & 
Fournier, 1984) though they are only responsible for the integration of inner membrane 
proteins. The posttranslational translocation pathway mediates the translocation of the 
majority of outer membrane, secreted and periplasmic proteins in prokaryotic organisms 
(Koch et al, 1999; Ulbrandt et al, 1997).   
Posttranslational translocation overview 
 In yeast, proteins with less hydrophobic signal sequences are not recognized by 
SRP and are fully synthesized in the cytosol.  During translation, the proteins destined to 
be transported, are bound by cytosolic chaperones such as those belonging to the Hsp70 
family (Deshaies et al, 1988).  This binding is important since the Hsp70 chaperones 
prevent both misfolding and aggregation, which could inhibit the translocation of the 
protein.  With the chaperone bound, the protein is targeted to the Sec complex which 
serves as the posttranslational translocation channel.  In yeast the Sec complex is 
composed of the Sec61 heterotrimer plus proteins Sec62p, Sec63p, Sec71p and Sec72p 
(Panzner et al, 1995).  In mammalian cells, Sec61 only partners with Sec62 and Sec63 to 
form the posttranslational channel (Table 1.1).  The mammalian posttranslation 
translocation pathway is currently poorly understood and thought to be involved in the 
translocation of very small proteins (Meyer et al, 2000).     
 Upon nascent chain targeting to the channel, the signal sequence binds to various 
parts of the Sec complex including both Sec62/63p as well as Sec61p (Plath et al, 1998).  
16 
 
 
After gating of the translocation channel, the ER luminal chaperone Kar2p (BiP in 
mammals) bind to the protein through mutual DnaJ-domain interaction with Sec63p.  
Though many details regarding posttranslational targeting and gating of the channel 
remain unknown, the lumenal chaperone Kar2p is responsible for translocating the 
substrate protein through the channel.  Several theories of mechanism exist and include 
Kar2p either serving to capture the substrate protein preventing it from sliding back, 
allowing for translocation by brownian motion, (Misselwitz et al, 1998) or by working 
through an ATP dependent ratcheting motion (Matlack et al, 1999).  
 The bacterial posttranslational translocation pathway begins with the binding of 
the cytosolic chaperone SecB to the nascent chain, much like the Hsp70 chaperone binds 
to posttranslational substrates in higher organisms (Fig. 1.2C).  This again keeps the 
polypeptide in an extended conformation which prevents both aggregation and 
misfolding of the protein (Randall et al, 1997).   Targeting for translocation begins when 
SecB subsequently interacts with SecA.  SecA is able to directly bind and target the 
polypeptide to the SecY translocation channel.  SecA interacts with the substrate, binding 
both the signal sequence and the sequence immediately downstream (Lill et al, 1990; 
Musial-Siwek et al, 2007).  SecA is thought to act as monomer and binds to a SecY 
dimer with only one SecY serving as the active channel (Osborne & Rapoport, 2007).  
Both x-ray crystal structure and biochemical evidence strongly suggests that SecA 
mechanically pushes the polypeptide through the channel in an ATP dependent manner 
using a two helix “finger” domain (Erlandson et al, 2008a; Zimmer et al, 2008).    
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Early structural data of the translocon 
 With the subunits of the yeast translocation channel identified, questions still 
remained regarding the channel’s structure and molecular mechanism of action.  
Structural information about the translocation channel first became available in the form 
of low resolution cryo-EM structures of the translocon bound to the ribosome.  These 
data suggested the channel forms an oligomer, likely composed of three to four copies of 
the Sec61 trimer, and contains a large central pore of approximately 15-30 Å (Hanein et 
al, 1996; Beckmann et al, 1997).  A visible gap was observed between the ribosome and 
the channel, and though not present in all structures, contact between the two occurred at 
three or four stalk-like structures (Beckmann et al, 1997).  Additional support for this 
early oligomer model was also provided using in vitro fluorescent probes and quenchers 
which suggested an even larger translocon pore size of 40-60Å (Hamman et al, 1997).  
Furthermore, the idea of a large pore was supported by evidence from the prokaryotic 
posttranslational translocation pathway where segments of SecA were thought to 
penetrate through the channel during the translocation of substrates (Economou & 
Wickner, 1994).   
 In 2004, higher resolution structural information of the translocation channel was 
obtained as a 3.2 Å resolution crystal structure of the SecYEβ channel from M. jannaschii 
(Van den Berg et al, 2004).  M. jannaschii is an organism which had not previously been 
used to investigate protein transport. The M. jannaschii SecY sequence is homologous to 
both Sec61 and eubacterial SecY.  This close homology allows the direct testing of 
features seen in the structure in other model systems. Based upon the structure, Rapoport  
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and colleagues proposed that a single copy of the Sec61 heterotrimer could serve as an 
active translocation channel due to presence of all the required structural features. 
Overview of SecYEβ heterotrimer structure  
The M. jannaschii structure provides the first atomic level view of the translocation 
channel.  This structure contains the SecY heterotrimer in a closed conformation with no 
associated nascent chain or ribosome.  The SecY subunit is composed of ten 
transmembrane spans as predicted (Wilkinson et al, 1996) arranged in two five-helix 
bundles (1-5 and 6-10) which come together to form an “hour glass” shaped central pore 
(Fig. 1.3A, D).  The SecE subunit consists of two helices which wrap around the two 
SecY bundles (Fig. 1.3A).   The transmembrane span of the β subunit is located on the 
side of the N-terminal bundle of SecY near the C-terminus of SecE.  The N-terminal 
portion of the β subunit was too flexible to be resolved but is thought to be located near 
the N-terminus of SecY on the cytosolic side of the channel.   
Pore ring and lateral gate subdomains 
 Six hydrophobic residues located at the constriction point in the center of the 
“hourglass” pore are referred to as the pore ring (Fig. 1.3D).  While the pore itself is not 
large enough to accommodate a translocating polypeptide in its closed state, the Rapoport 
lab has proposed that the channel could theoretically open ~15° in a clam shell fashion, 
expanding the pore from 6 Å to 10-15 Å side-to-side, which would allow a nascent chain 
in a helical structure to pass through.  The two SecY helix bundles are only connected by 
a single luminal loop, which has been postulated to serve as the hinge loop of the channel 
(Fig. 1.3C).  Molecular dynamics simulations also suggest this loop serves as the hinge.  
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Figure 1.3 Structural features of the 3.2 Å SecYEβ structure from Methanococcus 
jannaschii 
Cytosolic (A) and membrane plane (B) views of the SecYEβ heterotrimer in the closed 
conformation.  Shown is SecE (orange) and Secβ (wheat).  SecY(green) with lateral gate 
transmembrane span (TM) 2 in blue and TMs 3, 7 and 8 in cyan, red and magenta. Pore 
ring residues are shown as black sticks and the plug domain is in yellow.  Loop 6 is 
shown in pink and loop 8 in gray.  (C) View of the hinge loops.  HL-1 and HL-2 point to 
the first and second hinge loops of loop 5.  (D) SecYEβ forms an hourglass shape.  Pore 
ring is shown at the constriction point of the channel.  Plug domain is shown as a yellow 
helix on the luminal side of the channel.  Panels A, B, and C were made using PYMOL 
v1.3 software using PDB files: 1RHZ (Van den Berg et al, 2004).  Panel D taken from 
(Rapoport, 2007). 
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Simulations showed the channel could use the loop to open sufficiently for a 
transmembrane span to exit the channel (Gumbart & Schulten, 2007).  
 On the other side of the channel, an interface formed by transmembrane spans 2 
and 3 of the N-terminal half and 7 and 8 of the C-terminal half, form what is referred to 
as the lateral gate domain of the channel (Fig. 1.3B and Fig. 1.4A).  This gate has been 
suggested to open to allow access of transmembrane spans to the membrane bilayer, as 
there are no loops which would inhibit a transmembrane span’s passage through the 
lateral gate.  The prevention of lateral gate separation by crosslinks between cysteines 
introduced to TMs 2 and 7 in E. coli SecYEG, located on opposite halves of the channel, 
inhibits translocation of a secreted protein (du Plessis et al, 2009).  This suggests the 
lateral gate must be opened to allow protein translocation.   
Plug domain  
 On the lumenal side of the channel, a small portion of the lumenal loop that 
preceeds the second transmembrane span forms a small helix below the pore ring (Fig. 
1.3D).  This helix appears to serve as a “plug” for the channel.  Interpretation of the 
closed structure by the Rapoport lab predicts that due to its orientation, the plug domain 
would be important for maintaining the seal of the translocation channel to both small 
molecules and ions.  While the channel is in the closed conformation, the plug does 
appear to function with the pore ring as a seal of the channel (Park & Rapoport, 2011; 
Saparov et al, 2007).  Molecular dynamics simulations support this conclusion and 
demonstrate that water molecules and small ions should not be able to pass through the 
closed channel (Gumbart & Schulten, 2008).   
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Figure 1.4 Partial opening of the lateral gate by cytosolic effectors. 
Membrane plane views from (A) M. jannaschii (B) T. thermophilus (C) T. maritima and 
(D) P. furiosus. Lateral gate contact residues are shown as spheres.  Transmembrane 
spans (TM) 2 shown in blue and TMs 3, 7 and 8 are in cyan, red and magenta 
respectively.  Plug domain is shown as yellow spheres.  Shown in orange is (B) Fab 
fragment (C) SecA and (D) C-terminal helix of SecE.  Loop 8 residue corresponding to 
R406 in yeast shown in grey spheres (B and C).  (C) Two finger helix domain of SecA 
shown in sky blue.  Loop 6 is shown in pink, loop 8 shown in grey.  Figure made using 
PYMOL v1.3 software using PDB files: 1RHZ (Van den Berg et al, 2004) 2ZJS 
(Tsukazaki et al, 2008) 3DIN (Zimmer et al, 2008) and 3MP7 (Egea & Stroud, 2010). 
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In order for the nascent chain to translocate through the center pore of the Sec61 
heterotrimer, the plug domain would need to be displaced.  A disulfide crosslink between
residue 67 of the plug domain and residue 120 of SecE, located in the periplasm of E. 
coli, displaces the plug domain 20 Å and results in a synthetic lethal phenotype, where 
either single mutation to cysteine is viable but cells with both mutations are inviable.  
This observation demonstrates that the plug domain can be displaced, likely toward the c-
terminus of SecE (Harris & Silhavy, 1999).   Additional biochemical evidence 
demonstrates that movement of the plug is essential for translocation to occur (Tam et al, 
2005; Maillard et al, 2006).  Investigations have determined that the plug must move at 
least 13 Å and that locking the plug directly next to the pore ring effectively inactivates 
the channel (Lycklama a Nijeholt et al, 2010; Maillard et al, 2006). 
 Surprisingly, the deletion of the plug domain (∆52-74) in yeast has a rather minor 
effect on translocation and no measurable effect on growth.  Plug deletion mutations in 
yeast and E. coli exhibit a minor protein localization (prl) phenotype, demonstrated as a 
reduction in the fidelity of signal sequence recognition, and also have a decreased ability 
to integrate membrane proteins in the correct topology (Junne et al, 2006; Maillard et al, 
2006).  X-ray crystal structures lacking the SecY plug helix (corresponds to ∆64-74 in 
yeast), indicate the translocation channel is very flexible and can compensate for the 
deletion of the plug helix by incorporation of adjacent residues to form a new plug helix 
(Li et al, 2007).  While these structures have plug deletions much smaller than those used  
in the biochemical studies (11 vs. 23 residues), they do provide some insight into how the 
flexibility of Sec61 allows the channel to maintain the ER permeability barrier. Still, it 
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does not seem likely that a full plug deletion would adopt a similar conformation due to 
the lack of remaining adjacent loop residues in the channel.   
Cytosol contacts of the channel 
 Ribosome binding to the channel is mediated through multiple contacts between 
the 60 S subunit of the ribosome and the cytosolic face of the Sec61 heterotrimer.  
Limited proteolysis experiments were used to map the contact sites to loop 6 and loop 8 
of Sec61p (Raden et al, 2000).  In yeast, site directed mutagenesis of a residue in loop 8 
(R406E mutant), which reversed the residue’s charge, eliminates ribosome binding 
activity (Cheng et al, 2005).  Recent cryo-EM structures show that loops 6 and 8 of Ssh1 
and Sec61 form two of the major contacts between the ribosome and the channel 
(Frauenfeld et al, 2011; Becker et al, 2009). Loop 6 contacts the ribosome and is located 
adjacent to the ribosome exit tunnel.  Loop 8 is extended up into the ribosome exit tunnel 
and is likely to also contact the nascent chain.  Loops 6 and 8 contact the ribosome 
through the rpL25 and rpL35 proteins as well as rRNA helices H7 and H50, proteins and 
rRNA segments which are believed to be the ribosome’s universal protein docking site 
(Kramer et al, 2009).   
 Biochemical experiments have shown that the SecY cytosol contact sites are 
similar to those in yeast.  Crosslinking experiments mapped SecY and SecA contacts to 
loops 6 and 8 as well as additional sites in loop 2 and the C-terminus (Mori & Ito, 2006).  
The homologous residue in E. coli is SecY that aligns to R406 of yeast Sec61 is R357.   
Site directed mutagenesis of R357 eliminates channel binding to both the ribosome 
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(Ménétret et al, 2007) and SecA (van der Sluis et al, 2006; de Keyzer et al, 2007) 
demonstrating a similar importance to the corresponding yeast residue.   
A single copy of the Sec61 heterotrimer forms the active translocation channel  
 Based on the observed crystal structure, the Rapoport lab proposed the hypothesis 
that a single copy of the Sec61 heterotrimer would be sufficient to serve as the PCC with 
the nascent chain passing through the central pore.  Site directed photo cross-linking 
experiments, making use of stalled translating ribosomes where the mRNA lacks a 
termination codon, provide evidence that residues along the channel interior as well as 
those of the pore ring are in direct contact with the nascent chain (Cannon et al, 2005).  
Further structural support from cryo-EM structures (Ménétret et al, 2008, 2007) show 
density of the translocon attached to the ribosome which is only large enough to 
accommodate a single copy of the channel.  More recent cryo-EM structures also 
demonstrate that only a single copy of the channel is recruited to both the translating and 
idle ribosome.  Additionally, the electron density of the nascent chain can be seen 
threaded through the center of the single copy PCC (Becker et al, 2009).  In agreement 
with the crosslinking data, these structures provide very strong evidence that a single 
heterotrimer forms the active channel.   
 The question therefore remains regarding the role of oligomer formation in 
translocation function. Several studies have focused on trying to elucidate the role of 
these oligomers in SecY function, particularly in relation to SecA binding in the 
posttranslational translocation pathway.  Dimers and tetramers of SecY form in both 
membranes and in detergent.  Their formation is largely dependent on both SecYEG 
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concentration and the addition of SecA (Scheuring et al, 2005).  In addition to 
concentration, negatively charged phospholipids particularly cardiolipin, readily increase 
the formation of SecYEG dimers in the membrane (Gold et al, 2010).  Dimerization of 
the SecYEG is believed to occur in a “back to back” model.  This is where the face of the 
channel which contains the transmembrane span of SecE forms an interface (Bostina et 
al, 2005).  A “front to front” model has also been proposed (Mitra et al, 2005), but the 
back to back model is currently favored.  The presence of a SecYEG dimer is required for 
complete activity, as single molecule studies have demonstrated that a single heterotrimer 
has only 40% of the activity of the dimeric channel (Deville et al, 2011).   
 The working model for these data is that a dimer of channels forms with one 
serving as the active channel.  The other passive channel serves as a docking site for the 
nucleotide binding domains (NBD) of SecA (Osborne & Rapoport, 2007).   The presence 
of the second channel also prevents the dissociation of SecA during ATP hydrolysis 
which allows the two finger helix domain to ratchet back and forth feeding the 
polypeptide through the channel (Zimmer et al, 2008).   
 The role of oligomers in cotranslational translocation is poorly understood.  As 
previously discussed, the presence of extra copies of the heterotrimer might serve to 
either provide addition docking sites to help target the ribosome, aid in final ribosomal 
release or serve to recruit translocation associated proteins.  Additional studies are 
required to better understand these possibilities and determine the actual role of Sec61 
oligomers.  
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Structural insights to the mechanism of lateral gate opening 
  It was previously believed that the binding of the signal sequence to the channel 
would be the initial step in channel gating.  Photo crosslinking experiments have shown 
the signal sequence binds TMs 2 and 7 (Plath et al, 1998).  This provides a site in Sec61 
which receives the signal sequence and is referred to as the signal sequence binding 
(SSB) pocket.  Binding of synthetic signal sequences can make channels leaky in 
electrophysiology experiments, leading to the hypothesis that this would be sufficient to 
initiate opening of the channel (Simon & Blobel, 1992).  Three additional x-ray crystal 
structures (discussed below) have now been solved which show partial opening of the 
channel in the absence of either nascent chains or signal sequences.  This concept of 
gating by a signal sequence now requires reevaluation in light of new structural 
information which now suggests that cytosolic binding partners may initiate channel 
gating.   
 Two of the new SecYE channel crystal structures from T. thermophilus and T. 
maritima are in co-complex with a binding partner, an anti-SecY Fab fragment and SecA 
respectively (Tsukazaki et al, 2008; Zimmer et al, 2008).  The third channel from P. 
furiosus is in complex with a second SecYE in a crystal packing artifact (Fig. 1.4D).  In 
this structure, the C-terminal helix of one SecE is inserted into a second copy of SecYE, 
possibly mimicking a substrate (Egea & Stroud, 2010).  These three structures all show 
partial opening of the lateral gate.   This opening of the lateral gate provides a different 
perspective on the mechanism of channel gating and suggests that cytosolic effectors  
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Figure 1.5 Comparison of the SecY lateral gate in closed and partially open 
conformations  
Lateral gate domains from (A) M. jannaschii (B) T. thermophilus (C) T. maritima and 
(D) P. furiosus, SecY Transmembrane span (TM) 2 shown in blue and TMs 3, 7 and 8 are 
in cyan, red and magenta respectively.  Loop 2 is shown in slate and loop 7 is shown in 
violet.  Lateral gate contact residues are shown as spheres.  The plug domain is shown as 
yellow spheres.  Figure made using PYMOL v1.3 software using PDB files: 1RHZ (Van 
den Berg et al, 2004) 2ZJS (Tsukazaki et al, 2008) 3DIN (Zimmer et al, 2008) and 3MP7 
(Egea & Stroud, 2010). 
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cause a preopen conformation, priming the channel to allow access of the signal sequence 
to the SSB site. 
 The second X-ray crystal structure of a protein translocation channel was from T. 
thermophilus.  In this structure we can see the conservation of SecYE structural domains.  
This is of particular importance since it allows a mechanistic interpretation of the 
transition of the translocation channel between the closed state M. jannaschii structure 
and these new partially opened conformations.  While the opening of the channel is likely 
to be a dynamic conformational change, these static partially opened channels provide 
strong evidence to identify specific domains that move in the initial steps of gating. 
 The presence of a binding partner results in several structural changes to the 
channel.  The SecY Fab fragment binds to T. thermophilus SecY through residues 347-
349 at the tip of loop 8, known to be involved in ribosome binding.  The binding of the  
Fab fragment at this location is thought to mimic the binding of the ribosome or SecA.  
The result of this interaction is a structural shift forming what is referred to as the “pre-
open cytosolic crack” at the site of the lateral gate (Fig. 1.4B and. 1.5B).  Despite the 
movement of the lateral gate, the plug domain on the luminal side of the channel remains 
as close to the pore ring as in the closed state.  TMs 6, 8 and 9 move an average of 4 Å as 
compared to the M. jannaschii structure (Fig. 1.5A, B), which results in a partial opening 
of only the cytosolic side of the lateral gate.  The crack is most obvious at the cytosolic 
side adjacent to TMs 7 and 2B which form the SSB site.  The binding of cytosolic 
partners to loop 8 in the absence of a nascent polypeptide may be sufficient to serve as an 
initiator for priming the SSB site for signal sequence insertion.  
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 The second structure is of the T. maritima SecYE bound to SecA, a structure 
which demonstrates even further separation of the lateral gate (Fig. 1.4A and C, Fig. 1.5A 
and C) than in the T. thermophilus structure.  SecA can be activated and undergo a 
conformational change in response to the binding of SecY (Lill et al, 1990) therefore the 
use of a bound non-hydrolysable ATP analogue ADP-BeF3 allowed for SecA to be 
locked into a transitional conformation capturing a snapshot of its effect on SecY.   
 SecA lies in a flat orientation on the cytoplasmic side of SecY where it would be 
alongside the membrane.  Critical contacts which facilitate the interaction between these 
two proteins again involve loops 6 and 8 of SecY, and the polypeptide crosslinking 
domain (PPXD) of SecA (Fig. 1.4C pink and gray loops).  The presence of mutations in 
either of these loops or the removal of the PPXD from SecA is sufficient to abolish the 
binding between these proteins (Zimmer et al, 2008).  Surprisingly the T. maritima 
residue R346 (Fig. 1.4C grey spheres), which is homologous to R357 in E. coli, does not 
make direct contact to SecA.  This suggests the residue may play a role prior to the 
binding of ATP to SecA as it has been shown to be important for SecA binding (de 
Keyzer et al, 2007).   
 A two finger helix from the helix scaffold domain (HSD) of SecA is inserted into 
the cytoplasmic side of the channel next to loops 6 and 8 (Fig. 1.4C sky blue).  The 
insertion of the two finger helix of SecA into the channel results in a complete separation 
of the N and C terminal halves of the lateral gate (Fig. 1.5C).  The two halves of the 
lateral gate move away from each other as rigid bodies using loop 5 as a hinge.  Although 
residues 42–61 between TM1 leading up to TM2 are unresolved in the structure, the plug 
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domain has moved 8.8 Å away from the pore ring.  These data suggest that the cytosolic 
binding partner is capable of partially opening both gates of the channel and that the two 
gates may open in a coordinated manner upon signal sequence binding.  Experiments 
using site directed photocross-linking provide biochemical evidence that the two helix 
finger model may be biologically relevant and not an artifact of crystallization.  The two 
helix finger is observed to be in contact with the translocation substrate as it transverses 
the channel and pushes on the substrate in an ATP dependent manner (Erlandson et al, 
2008a, 2008b). 
 The third x-ray crystal structure from P. furiosus shows two SecYE heterodimers 
in an orientation in which the C-terminal cytoplasmic helix of one SecY is inserted into 
the cytoplasmic face of a second copy of SecYE in a crystal packing artifact (Fig. 1.4D 
orange helix).  While the helix from the other SecY is oriented in a manner that lacks 
realistic biological relevance, the location of the helix may mimic the insertion of a 
nascent polypeptide into the channel.  The resulting partial gating of SecY provides 
interesting evidence for the mechanism of channel gating.  The two halves of the lateral 
gate in the structure have moved 4.4 Å away from the center axis (Fig. 1.5A and D).  In 
agreement with the T. maritima structure, the two halves move as rigid bodies using loop 
5 as a hinge resulting in a full separation of the lateral gate.  Unlike the previous 
structure, the plug domain has not moved a significant distance from the pore ring despite 
the expansion of the pore by several angstroms.   
 The structures and accompanying biochemical evidence provide a reasonable 
framework for the formation of a testable hypothesis that a single heterotrimer channel 
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serves as an active PCC.  The absence of a high resolution structure of an active channel 
leaves many remaining questions about the accuracy of the proposed mechanism, a 
subject which has been discussed in depth in several recent reviews (Dalal & Duong, 
2011; Mandon et al, 2009).   Many questions about the mechanism of gating cannot be 
determined solely by a comparison of the closed or partially gated structures and these 
questions need to be addressed by further investigation using biochemical assays.  How 
does the channel undergo rigid body movement to open the channel?  Which domains are 
important in the kinetics of channel gating?  Which residues are important for the 
regulation of channel gating?  These questions about the channel’s function and 
mechanism of action are the subject of the enclosed work.   
Protein localization (prl) mutations 
 The protein localization (prl) phenotype is caused by a class of mutations which 
reduce the fidelity of signal sequence recognition thereby allowing the enhanced 
translocation of precursors with signal sequence mutations.  The prl mutants were 
originally discovered in an E. coli screen which selected strains that transported a lamB 
protein with a defective hydrophobic core of its signal sequence.  Most of the selected 
strains corresponded to mutations in either SecY or SecE that permit translocation of 
proteins with defective or even missing signal sequences (Emr et al, 1981; Smith et al, 
2005).  SecY prl alleles have been shown to cause a reduction in binding of SecA to 
SecY and display a decreased dependence on the proton motor force which helps drive 
wild type SecY translocation (Van Der Wolk et al, 1998; de Keyzer et al, 2002).  Prl 
35 
 
 
mutations do not map to a specific site in SecY but instead map to multiple sites 
including the plug domain, the pore ring, the lateral gate and interior of the channel.   
In yeast, Sec61 mutations which have a prl phenotype also map to these regions 
(Junne et al, 2007).  Deletion of the plug domain of Sec61 causes the prl phenotype 
(Junne et al, 2007).  In the yeast system, the prl phenotype is assayed using 
carboxypeptidase Y (CPY) derivatives that lack 2-4 residues of the signal sequence.  
Removing 6 residues from the signal sequence of CPY reduced translocation to very low 
levels even by the strongest yeast prl alleles whereas some E. coli prl mutants can 
translocate substrates missing the entire signal sequences (Junne et al, 2007; Smith et al, 
2005). 
 Due to the location of the mutants throughout the channel, it has been proposed 
that prl mutations act either by destabilizing the closed conformation of the channel or by 
stabilizing the open conformation (Van den Berg et al, 2004; Smith et al, 2005).  
Molecular dynamics simulations have shown that prl type mutations disrupt the hydrogen 
bond network of the channel which in turn destabilizes the closed conformation (Bondar 
et al, 2010).  The explanation for the activity of prl mutations is still largely structure 
based as there is little biochemical evidence to support the hypothesis.   
Translocation accessory proteins 
 The yeast posttranslational translocation channel is a heptameric complex 
composed of the Sec61 heterotrimer as well as Sec62, Sec63, Sec66 and Sec72.  Sec62p 
is an essential 32 kD protein which contains two transmembrane spans (Deshaies & 
Schekman, 1989).  Sec63p, also an essential protein, is 73 kD and contains three 
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transmembrane spans as well as a DnaJ domain which interacts with the ER luminal 
chaperone Kar2p (Feldheim et al, 1992).  In yeast, Sec62p and Sec63p have been 
suggested to have an initial role in the targeting of substrates to the channel in the 
posttranslational translocation pathway (Plath et al, 1998).  Targeting of substrates to the 
channel occurs in a Kar2p and ATP independent manner, though Kar2p and ATP activity 
are required for translocation of substrates through the channel after binding (Matlack et 
al, 1997).  The specific roles of the Sec62 and Sec63 proteins as well as the mechanism 
of Sec61 gating in the yeast posttranslational translocation pathway are still poorly 
understood.   
 The other subunits of the yeast heptameric complex are Sec66, a 31.5 kD single 
transmembrane span glycoprotein and Sec72, a 23 kD cytosolic protein.  In addition to 
being non-essential, no specific function for Sec66 and Sec72 is currently known.  
Deletion of either of the gene results in the accumulation of a subset of translocation 
substrates (Feldheim et al, 1993; Feldheim & Schekman, 1994).  
 Some current evidence suggests additional roles for Sec63 and BiP in association 
with the Sec61 heterotrimer.  Fluorescence quenching experiments suggest that BiP is an 
alternative seal of the luminal face of the translocation channel.  In an ADP bound form, 
BiP is recruited to the lumenal side of the channel by the DnaJ-domain of ERdj4 (Alder 
et al, 2005).  Whether BiP serves as a direct seal of the channel or works through 
allosteric interaction has not yet been determined.  In yeast, Sec63p and Kar2p have also 
been suggested to be a required part of the cotranslational translocation channel (Willer et 
al, 2003; Young et al, 2001).   
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 The association of Sec63p and Kar2p with the Sec61 heterotrimer has also been 
suggested to be involved in the endoplasmic reticulum associated degradation (ERAD) 
pathway (Plemper et al, 1997).  Sec61p has been shown to be a binding site for AAA 
ATPase motifs in the base of the proteasome.  These binding sites allow the translocation 
channel to serve as a docking site for the proteasome to the ER membrane (Kalies et al, 
2005).  Although the Sec61 translocon is a candidate for the ERAD retro-translocation 
channel, this hypothesis is currently the subject of much debate as support for this role is 
largely derived from indirect evidence (Hebert et al, 2010). 
 In mammalian cells, Sec62 and Sec63 have been suggested to have evolutionary 
specific roles not found in yeast.  Mammalian Sec62 has two positively charged motifs in 
its cytosolic loops and has been shown to have ribosomal binding activity as 
demonstrated in ribosome pull down assays (Müller et al, 2010).  In mammalian cells 
Sec62 and Sec63 are not found in a heptameric complex as in yeast, but do associate with 
ERDj1, a ribosomal membrane associated protein (RAMP), which like Sec63 also 
contains a DnaJ domain (Blau et al, 2005).  The multiple domains of ERDj1 allow for 
contact of both the ribosome and BiP and some evidence suggests a possible role as an 
allosteric inhibitor of translation when not bound to BiP (Dudek et al, 2005).   
 Recent studies have demonstrated a link between Sec62 and Sec63 in certain 
human pathologies.  Loss of function mutations in Sec63 has been found to be genetically 
linked to polycystic liver disease as well as colorectal cancers (Davila et al, 2004; Drenth 
et al, 2005; Mori et al, 2002).  Similarly the overexpression of Sec62 has been shown to 
correlate with certain forms of prostate cancer (Greiner et al, 2011).  While it is clear that 
38 
 
 
expression levels of these proteins may contribute to disease progression in some way, 
the mechanism of function for these proteins in these diseases is not well understood.   
Integration of membrane proteins 
The integration of membrane proteins is largely driven by the hydrophobicity of 
the TM spans (Hessa et al, 2005) with the pore ring domain residues contributing to the 
hydrophobicity threshold of the channel (Junne et al, 2010).  When multiple TM spans 
are present, a less hydrophobic TM can associate face to face with another TM providing 
a more energetically favorable exit from the channel (Heinrich & Rapoport, 2003).   
During the integration of a TM span the orientation must also be established.  
Factors which contribute to the establishment of topology include the length of the TM 
span (Jaud et al, 2009) and the charged residues in the flanking sequences (Hedin et al, 
2010), in particular positive charges.  Positively charged flanking residues tend to be on 
the cytosolic side of the TM, and this observation is referred to as the positive inside rule 
(von Heijne, 1989; Beltzer et al, 1991). These factors help establish TM topology which 
in certain circumstances can also influence the kinetics of translocation channel gating.  
While bound in the SSB site (Mothes et al, 1997) and inside the channel (Woolhead et al, 
2004) TMs adopt a helical conformation.  In vivo yeast kinetic experiments have 
demonstrated topology transitions and the lateral exit of TM spans into the lipid bilayer 
occur less rapidly than the rate of translation.  This results in cytosolic exposure of TM 
spans and lumenal domains which will lead to a delay in the folding time of the protein 
(Cheng & Gilmore, 2006). 
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 Certain substrates, such as multi-spanning membrane proteins, may require 
additional translocation channel associated proteins for their efficient translocation across 
the ER membrane.  Two mammalian proteins, the translocon associated protein (TRAP) 
and the translocon associated membrane protein (TRAM) have been demonstrated in 
mammals to help with the transport and integration of certain substrates.  TRAP has been 
suggested to help translocate proteins which have prolonged access to the cytoplasm 
(Fons et al, 2003).  Proposed functions for TRAM include facilitating the translocation of 
substrates with either weak signal sequences or TMs with lower hydrophobicity by 
serving as a membrane chaperone (Voigt et al, 1996; Heinrich et al, 2000).  PCC 
associated proteins such as TRAM and TRAP are thought to be required in the 
translocation of a subset of substrates with specialized requirements based on their 
properties though the exact roles of the accessory proteins are not well understood.  
Homologues of TRAM and TRAP have not been identified in yeast. 
Enclosed thesis research 
In this thesis, chapter three investigates the role of the lumenal loops of Sec61 in 
the channel’s mechanism of action.  The available structures of the translocation channel 
were used as a framework for rational design of Sec61p mutants.  This mutagenesis 
resulted in the identification of residues responsible for connecting TM7 and a small 
helix of loop7.  Mutagenesis of these residues is proposed to result in a structural 
perturbation of this loop near the lateral gate domain of the channel.  Biochemical 
characterization demonstrated that these residues were important for translocation, 
affecting the posttranslational translocation pathway more than the cotranslational 
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pathway.  The translocation defect phenotype was caused by a kinetic delay in the 
channel opening as demonstrated by in vivo kinetic assays. 
Chapter four investigates the structural link between the lateral and lumenal gates 
of the translocation channel through a conserved cluster of residues.  A polar cluster of 
residues in the lateral gate domain form a hydrogen bond network adjacent to the plug 
helix domain.  Through site directed mutagenesis, substitution of side chains involved in 
the hydrogen bond network is able to influence the function of the channel in two ways.  
Some substitutions resulted in a translocation defect phenotype and others resulted in the 
gain of function prl phenotype.  Combinations of mutations in the network resulted in 
either the mutually suppressive or additive effects of their phenotypes providing evidence 
that the residues work in a cooperative manner.  This cooperation between the residues is 
proposed to be a mechanism to coordinate the opening of the lateral and lumenal gates of 
the protein translocation channel.   
Chapter five also investigates the role of the lumenal loops of Sec61 in the 
channel’s mechanism of the action.  Insertion and deletion mutagenesis of the lumenal 
loops identified that the plug deletion, loop 5 and loop 3 insertions do not cause a 
translocation defect phenotype. Insertions into the plug domain as well as deletions of the 
eukaryotic insertion sequences of loop 5 as being areas of functional importance.  
Additional experiments performed with the Sec61 loop 7 mutants not included in chapter 
3 are included in this chapter.   
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Cotranslational Translocation Substrates 
DPAPB, dipeptidylaminopeptidase B 
Suc2, Invertase 
  
Posttranslational Translocation Substrates 
CPY, carboxypeptidase Y 
Gas1, glycosyl phosphatidylinositol (GPI)-linked protein 
  
Both Pathways 
OST, oligosaccharyltransferase 
 
Table 1.2 Translocation Pathway Substrates 
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CHAPTER II 
MATERIALS AND METHODS 
Plasmid and strain construction 
 Standard yeast media (YPAD, YPAEG and SD), supplemented as noted, were 
used for growth and strain selection (Sherman, 1991).  Oligonucleotides encoding HA 
(YPYDVPDYA) epitope insertions or amino acid substitutions were used as primers 
together with the template plasmid pBW11(Wilkinson et al, 1996) in recombinant PCR 
reactions to produce the L7 sec61 mutants.  The L7 sec61 mutants were characterized in 
yeast strains that are SSH1 (BWY12) or ssh1∆ (RGY400, (Cheng et al, 2005).  A plasmid 
shuffle procedure (Sikorski & Boeke, 1991) was used to replace the plasmid pBW7 
(URA3 SEC61) with the LEU2 marked plasmids encoding the L7 sec61 mutants.  
BWY12 and RGY400 were transformed and Leu+ prototrophs were selected on SD 
(synthetic defined media with dextrose) plates supplemented with adenine, tryptophan 
and uracil.  Several transformants for each sec61 mutant were streaked onto plates 
containing 5-fluoro-orotic acid (5-FOA) and grown for 2 d at 30˚C to select for colonies 
that had lost the pBW7 plasmid. 
 For all serial dilution experiments, yeast strains were grown in YPAEG media at 
30°C to mid-log phase.  After dilution of cells to 0.1 OD at 600 nm, 5 µl aliquots of 5-
fold serial dilutions were spotted onto YPD plates that were incubated at 30° or 37°C for 
2 d.  
 The PRC1 gene encoding preproCPY was amplified by PCR and cloned into 
XhoI-SpeI digested pRS316 to obtain pEM497.  DNA encoding the T7 epitope tag was 
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inserted in frame before the stop codon.  The coding sequence was further modified by 
deleting either 2 or 4 codons from the signal sequence to obtain pEM498 (ppCPY∆2-T7) 
and pEM499 (ppCPY∆4-T7).  Alternatively the coding sequence for CPY was modified 
to substitute leucines at either positions T5, S6 or C9, G10 and at all four positions to 
obtain pEM517, pEM518 and pEM519.  DNA encoding the SSS1 gene was amplified by 
PCR and cloned into the BamHI-SacI digested pRS424 and pRS426 to obtain pEM665 
and pEM662 respectively.   
Immunoprecipitation of radiolabeled proteins and protein immunoblots 
 Yeast were grown to mid-log phase (0.4-0.6 A600) at 30°C in SD media, collected 
by centrifugation, resuspended in fresh SD media at a concentration of 4 A600 ml
-1 and 
allowed to recover at 30°C for 10 min.  For the strain containing the SRP receptor 
mutation (srp102 K51I), yeast cells were initially grown to mid-log phase (0.4-0.6 A600) 
at 25°C in SD media then shifted to 37°C for 3 hours before being collected, resuspended 
in fresh SD media and allowed to recover at 37°C prior to pulse labeling.  To induce 
invertase (Suc2p) expression, 4 A600 units of cells were collected by centrifugation and 
resuspended in 5 ml of SD media containing 0.1% dextrose and incubated for 30 min at 
30°C.  Cells were pulse labeled for 7 min with 100 μCi/OD Tran-35S-label.  When 
indicated, cells were pretreated for 30 min with tunicamycin (10 g/ml) before pulse 
labeling.  All cell labeling, lysis and subsequent immunoprecipitation of yeast proteins 
was performed as described previously (Jiang et al, 2008). The prl reporters (ppCPY∆2-
T7 and ppCPY∆4-T7) were immunoprecipitated using antisera specific for the T7 epitope 
tag (Covance, Inc.).  As indicated, cell extracts were treated with endoglycosidase H prior 
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to immunoprecipitation following the manufacturer's (New England Biolabs) protocols.  
Immunoprecipitated proteins were resolved by PAGE in SDS and quantified using the FX 
molecular imager (Bio-Rad Laboratories) or a FLA-5000 Fluorescent Image Analyzer 
(FujiFilm). Ubiquitin translocation assays using the Suc2 series of UTA reporters were 
quantified as described previously (Cheng & Gilmore, 2006). 
 The Sec complex was immunoprecipitated with antibodies to Sec63 as described 
previously (Deshaies et al, 1991).  Briefly, yeast cultures were grown to mid-log phase in 
SD media at 30˚C.  Equal numbers of cells (5 A600 units) were transferred to 5 ml of 
methionine-free SD media and radiolabeled with 500 μCi of Tran-35S-label for 30 min at 
30˚C. Membranes were isolated from glass-bead homogenized spheroplasts and the Sec 
complex was stabilized by treatment of the membranes with the DTT-cleavable 
crosslinker dithio-bis-(succinimidylpropianate).  The Sec complex was 
immunoprecipitated from Triton X-100 solubilized membranes using antisera against 
Sec63p.  Crosslinks between Sec complex subunits were cleaved with DTT prior to SDS-
PAGE.    
 Total protein extracts were prepared as described previously (Arnold and Wittrup, 
1994) from cells grown overnight in SD media at 30°C.  For immunoblots, total protein 
concentration was normalized to 25 mg/lane using the DC protein assay kit (Bio-Rad).  
Protein immunoblots were performed as previously described (Cheng et al, 2005).  
Antisera that recognize Suc2p, Sec63p and Sec61p were provided by R. Schekman 
(University of California, Berkeley, Berkeley, CA).  Antisera for 3-phosphoglycerate 
kinase (PGK) was purchased from Molecular Probes. 
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CHAPTER III 
Translocation channel gating kinetics balances protein translocation efficiency with 
signal sequence recognition fidelity 
Work published in Trueman SF, Mandon EC & Gilmore R (2011) Translocation channel 
gating kinetics balances protein translocation efficiency with signal sequence recognition 
fidelity. Mol. Biol. Cell 22: 2983-2993 
Introduction 
An evolutionarily conserved heterotrimeric protein-conducting channel (SecYEG 
in eubacteria, SecYEβ in archae, Sec61 complex in eukaryotes) mediates the 
translocation of secreted proteins and integration of membrane proteins (for recent 
reviews see (Driessen & Nouwen, 2008; Mandon et al, 2009)). Protein translocation 
channels are composed of a large subunit (SecY, Sec61 or Ssh1p) that has 10 
transmembrane (TM) spans plus smaller β (SecG, Secβ, Sec61β, Sbh1p/Sbh2p) and γ 
(SecE, Sec61γ, Sss1p) subunits. Protein photocrosslinking experiments have shown that 
the signal sequence and mature regions of secretory proteins are in continuous contact 
with Sec61 during protein translocation (Mothes et al, 1994), indicating that 
Sec61 (or SecY) forms the transport pore through which nascent polypeptides pass. In 
budding yeast, the Sec61 complex can also assemble with the Sec62/Sec63 complex to 
form a heptameric Sec complex involved in posttranslational translocation (Deshaies et 
al, 1991). 
Protein translocation across the yeast endoplasmic reticulum can occur by 
cotranslational or posttranslational pathways that are dependent upon recognition of the 
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signal sequence by the signal recognition particle (SRP) for cotranslational translocation, 
or by the heptameric Sec complex for posttranslational translocation. Targeting of the 
ribosome-nascent chain (RNC) complex to the rough endoplasmic reticulum (RER) via 
the interaction between the SRP and the SRP receptor leads to the GTP-dependent 
transfer of the RNC to the Sec61 complex or the closely related Ssh1 complex (Finke et 
al, 1996; Jiang et al, 2008). The Ssh1 complex , which is nonessential in yeast, is 
exclusively involved in cotranslational translocation (Wittke et al, 2002). Recent 
structures of the RNC-Sec61, RNC-Ssh1, ribosome-SecY and ribosome-Sec61 
complexes that have been obtained by cryoelectron microscopy show that a single Sec61, 
Ssh1 or SecY heterotrimer serves as a protein conducting channel (Ménétret et al, 2007, 
2008; Becker et al, 2009). Cytosolic loops 6 and 8 of Sec61p (or Ssh1p) interact with the 
RNC at the polypeptide exit site on the large ribosomal subunit (Cheng et al, 2005; 
Becker et al, 2009) making contacts that are critical for cotranslational translocation 
(Cheng et al, 2005). The molecular mechanism that promotes signal sequence insertion 
into the translocation pore upon binding of the RNC to the cytosolic face of Sec61 has 
not been elucidated.  The mechanism of nascent chain insertion into the Sec complex 
(Sec61 complex plus the Sec62/Sec63 complex) is likewise poorly understood, as 
structures of the Sec62/Sec63 complex have yet to be obtained. 
The high-resolution structure of the M. jannaschii SecYEβ complex provides a 
detailed model for the closed conformation of a protein translocation channel (Van den 
Berg et al, 2004). TM spans 1-5 and TM spans 6-10 of SecY form two sides of an 
hourglass-shaped transporter that can open lumenally to allow translocation of soluble 
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proteins and laterally to the membrane bilayer to permit integration of membrane 
proteins. The first structural insight into how a signal-sequence could insert into the 
signal sequence binding SSB site of Sec61was provided by the structures of the SecYEG-
SecA complex (Zimmer et al, 2008) and a SecYEG-Fab complex (Tsukazaki et al, 2008). 
The lateral gate of the translocation channel, which includes the SSB site, is formed by 
extensive side chain contacts between residues in TM2, TM3, TM7 and TM8 (Van den 
Berg et al, 2004; Mandon et al, 2009). Binding of the ATP-bound conformation of SecA 
to SecYEG induces a partial separation of the lateral translocon gate so that an α-helical 
segment of the signal sequence could insert adjacent to TM2 and TM7 (Zimmer et al, 
2008). Photocrosslinking experiments had previously shown that signal sequences can be 
crosslinked to TM2 and TM7, hence this portion of the lateral gate serves as the SSB site 
(Plath et al, 1998). Covalently linking TM2 to TM7 via a disulfide between cysteine 
residues introduced into the lateral gate of E. coli SecY blocks translocation of secretory 
protein substrates, thereby demonstrating that lateral gate separation is an essential event 
in protein translocation (du Plessis et al, 2009).  TM7 and TM8, which form the C-
terminal half of the lateral gate are connected by a long lumenal loop (L7).  The 
importance of L7 in translocon function is suggested by the observation that the sec61-3 
allele corresponds to a G341E mutation (Wilkinson et al, 1997) at a highly conserved 
residue in L7. 
A class of particularly informative SecY and Sec61 mutants cause the prl 
phenotype, which corresponds to enhanced translocation of proteins with defective signal 
sequences (Bankaitis & Bassford, 1985; Junne et al, 2007). It has been proposed that prl 
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mutations promote translocation of signal-defective precursors by stabilizing the open 
conformation or destabilizing the closed conformation of the protein translocation 
channel (Van den Berg et al, 2004; Smith et al, 2005). This hypothesis is based upon the 
observation that most mutations that cause the prl phenotype map to the pore ring, lateral 
gate and plug domain of SecY.  Biochemical evidence to support the conclusion that prl 
mutations destabilize the closed conformation of the translocation channel is scant, 
particularly in the case of the eukaryotic translocation channel.  SecY prl mutants show 
enhanced interactions with the SecA ATPase, and a reduced dependence on proton 
motive force for precursor transport (Van Der Wolk et al, 1998; de Keyzer et al, 2002). 
Here, we tested whether structure-perturbing mutations in L7 of Sec61p cause 
defects in cotranslational and posttranslational translocation.  Mutations in L7 had a more 
severe impact upon translocation of posttranslational substrates than cotranslational 
substrates.  Defects in cotranslational translocation correlate with a delay in translocon 
gating, suggesting that L7 mutations interfere with the concerted movement of TM7 and 
TM8 during channel gating.  The translocation defect of the sec61 L7 mutants could be 
suppressed by a panel of second-site mutations in Sec61p that cause the prl phenotype 
thereby restoring the normal balance between the open and closed conformations of the 
protein translocation channel. 
Results 
Mutations in L7 cause translocation defects 
To screen for functionally important segments of L7, the HA-epitope peptide 
(YPYDVPDYA) was inserted into the yeast Sec61 sequence directly after one of four 
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residues (P315, I320, S340 or E354) to perturb the structure of L7 at surface exposed 
sites (Fig. 3.1A).  A plasmid shuffle procedure was used to replace wild type Sec61 with 
the sec61 insertion mutants in a haploid yeast strain that lacks the nonessential Ssh1 
translocon. The resulting strains were viable and do not display marked growth rate 
defects relative to the parental ssh1 strain.  We chose to analyze newly constructed 
Sec61 mutants in an ssh1 background because Ssh1p acts as a bypass suppressor for 
sec61 alleles that cause defects in the cotranslational translocation pathway (Cheng et al, 
2005)  
The sec61 L7 mutants were tested for defects in translocation of carboxypeptidase 
Y (CPY) and dipeptidylaminopeptidase B (DPAPB) by pulse labeling (Fig. 3.1C).  
Posttranslational translocation of CPY through the heptameric Sec complex is detected 
by the N-glycosylation induced gel mobility difference between the untranslocated 
precursor (ppCPY) and the ER form of proCPY (p1CPY).  The p1 form of CPY migrates 
as a doublet due to the presence of proCPY glycoforms that have three or four N-linked 
oligosaccharides.  Defects in CPY translocation for the mutants ranged between 
undetectable (sec61 E354-HA) and severe (sec61 I320-HA and sec61 S340-HA) (Fig. 
3.1C).  Pulse-chase experiments showed that the primary fate for ppCPY in the sec61 
I320-HA cells was degradation rather than delayed translocation (Chapter 5).   
 Cotranslational integration of DPAPB (Ng & Walter, 1996), which is mediated by 
Sec61 or Ssh1 heterotrimers, is detected by the acquisition of 7-8 N-linked 
oligosaccharides.  Although deletion of Ssh1p causes a slight reduction in DPAPB 
integration as observed previously (Cheng et al, 2005), the HA-tag insertions into Sec61 
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Figure 3.1 Mutations in loop 7 cause translocation defects.   
(A) HA-tag insertion sites (red spheres) map to exposed sites on the lumenal surface of 
yeast Sec61.  TM7 and TM8 are blue; L7 is magenta; other segments of SecY are cyan.  
(B) Residues in group A (cyan, L310, L319, I320 and L322), B (green, Q308, I323, 
W326 and L342) and C (orange, Y344, Y345, D358 and K361) are shown as spheres on 
the ribbon diagram of residues 267-322 of M. jannaschii SecY.  The sec61-3 (G341E) 
mutation is shown as a red sphere.  (C) CPY and DPAPB were immunoprecipitated from 
pulse-labeled yeast cultures.  The glycosylated ER forms of CPY (p1CPY) and DPAPB 
were resolved from non-translocated precursors (ppCPY and pDPAPB) by SDS-PAGE.  
(D) Protein immunoblots of total cell extracts using antisera for Sec61 and the cytosolic 
protein PGK, which served as a gel loading control.  CPY (E), DPAPB (E), Gas1(F) and 
Suc2 (G) were immunoprecipitated from pulse-labeled cultures of wild type and sec61 
group B mutant yeast. All strains in panels E-G are ssh1.  Non-translocated precursors 
(pGas1 and pSuc2) were resolved from cytoplasmic invertase (cSuc2) and glycosylated 
Gas1 and Suc2 by PAGE in SDS.  Quantified values are the average of two or more 
experiments, one of which is shown here.  (H) The sequence of loop 7 is shown above 
(M. jannaschii) and below (S. cerevisiae) a sequence logo (WebLogo 2.8.2) generated 
using 60 Sec61 sequences from diverse eukaryotes.  The height of the letter is 
proportional to the frequency; the color code groups amino acids by side chain properties. 
Gaps in ES-2 are designated by dashes.  Residue numbers below the logo refer to S. 
cerevisiae Sec61.  Panels A and B were created using MacPymol software (DeLano 
Scientific) using the M. jannaschii SecYE structure (PDB 1RHZ).  
51 
 
 
  
52 
 
 
do not cause an additional reduction in DPAPB integration (Fig. 3.1C).  The defect in 
posttranslational translocation of CPY is not explained by reduced expression of Sec61p 
by the L7 HA-tag insertion mutants (Fig. 3.1D).  As expected, the insertion of the HA-tag 
reduced the SDS-gel mobility of Sec61.  Native immunoprecipitation experiments did not 
reveal any reduction in the assembly of Sec61 into the heptameric Sec complex that is 
responsible for translocation of CPY (Fig. 3.2). 
To determine which structural features of L7 were perturbed by the HA-tag 
insertions, point mutations were introduced at selected residues in the vicinity of I320 or 
S340 (Fig. 3.1B). A cluster of four aliphatic residues (group A, cyan spheres) in the 
vicinity of the I320 insertion site was replaced with alanine or phenylalanine.  Four 
residues (group B, green spheres) that structurally link the L7 mini-helix to TM7 were 
replaced with alanine (sec61 L7B(ala)) or phenylalanine (sec61 L7B(phe)).  Four polar 
residues (group C, orange spheres) that link the L7 mini-helix to TM8 via a hydrogen 
bond network were replaced with alanine.  The sec61-3 mutation (G341E, red sphere) is 
adjacent to the group B cluster and the S340 insertion site.  
 Replacing the four group B residues with alanine (A), but not phenylalanine (F), 
caused a CPY translocation defect that was almost as severe as the I320-HA insertion 
(Fig. 3.1E). Two interactions (W326 with Q308 and I323 with L342) in the group B 
cluster link TM7 to the L7 mini-helix (Fig. 3.1B).  Alanine substitutions that eliminate 
only one of these contacts did not cause a translocation defect (Fig. 3.1E).  Likewise, 
mutagenesis of group A or C residues did not cause significant protein translocation 
defects (Fig. 3.3).  We noticed that the reduction in CPY translocation caused by the 
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Figure 3.2 The Sec complex is stable in the sec61 L7 mutants.  
Wild type and mutant cultures of yeast (5 A600 units in 5 ml of media) were radiolabeled 
for 30 min at 30˚C with 500 μCi of Tran-35S-label. The cells were converted to 
spheroplasts, and microsomes were isolated by cell fractionation. The Sec complex was 
stabilized by treatment of the membranes with the DTT-cleavable crosslinker dithio-bis-
(succinimidylpropianate). Sec complexes were immunoprecipitated with antisera to 
Sec63p from equal amounts of Triton X-100-solubulized, DSP-crosslinked microsomes 
as described (Deshaies et al., 1991).  The subunits of the Sec complex were identified by 
immunoblotting using antibodies to Sec61, Sec62 and Sec63.  Sec66, Sec72 and the p47 
contaminant were identified by comparison to polypeptides detected in previous Sec63-
coimmunoprecipitation experiments (Deshaies et al, 1991). The p47 contaminant is 
routinely obtained in Sec63p co-immunoprecipitation experiments, hence serves as a 
loading control. Due to their low molecular weight and low methionine content, Sbh1p 
and Sss1p are not detected by this procedure. Note that sec61 I320-HA migrates slower 
than wild type Sec61p and sec61 L7B(ala). The Sec complex is not destabilized by the 
sec61 I320-HA or by the sec61 L7B(ala) mutations.  
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Figure 3.3. Patch mutations in group A or group C residues do not cause significant 
translocation defects.  
The group A and C residues were changed to alanine (A) or phenylalanine (F) as noted in 
the chart. (A, B) CPY and DPAPB were immunoprecipitated from sec61 group A (A) or 
group C (B) mutants. The glycosylated ER forms of CPY (p1CPY) and DPAPB were 
resolved from non-translocated precursors (ppCPY and pDPAPB) by SDS-PAGE.  
Quantified values are the average of two or more experiments, one of which is shown 
here.  
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sec61 L7B(ala) mutant was accompanied by an increase in the percentage of the 
hypoglycosylated variant of p1CPY.  The reduction in CPY glycosylation may be a 
secondary consequence of the protein translocation defect that affects glycosylation of 
CPY but not DPAPB. 
Additional substrates were then analyzed to determine whether the sec61 L7 
mutants only affect the posttranslational translocation pathway.  Posttranslational 
translocation of Gas1p (Ng & Walter, 1996) is accompanied by N-linked glycosylation, 
which causes a reduction in gel mobility relative to the untranslocated precursor (pGas1).  
The Gas1p precursor was the major form synthesized by the sec61 I320-HA mutant, and 
was elevated in the sec61 L7B(ala) mutant (Fig. 3.1F).   
The secreted protein invertase (Suc2p) was selected as a second example of a 
protein that is translocated by a cotranslational pathway (Johnsson & Varshavsky, 1994).  
 Suc2 translocation is less sensitive to depletion of SRP54 or SR than DPAPB 
integration (Hann & Walter, 1991; Ogg et al, 1992).  This is likely explained by 
redirection of Suc2 into a posttranslational translocation pathway when the SRP-targeting 
pathway is compromised (Mason et al, 2000).  In ssh1 cells, cytoplasmic invertase 
(cSuc2) and core-glycosylated secretory invertase (Suc2) are the predominant forms of 
Suc2p detected after a brief pulse-labeling period. The non-translocated precursor of 
secretory invertase (pSuc2) was detected in both the sec61 I320-HA and sec61 L7B(ala) 
mutants (Fig. 3.1G).  
 Although the sec61 L7 mutations have a more severe impact on translocation of 
posttranslational substrates (CPY and Gas1p) than a cotranslational substrate (Suc2p) 
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both translocation pathways are clearly affected.  The observation that DPAPB 
translocation was apparently normal in the sec61 L7 mutants was interesting, but not 
entirely unexpected based upon previous pulse labeling experiments conducted using the 
sec61-2 and sec61-3 mutants at the permissive and restrictive temperatures (Rothblatt et 
al, 1989; Stirling et al, 1992).  For both sec61-2 and sec61-3, DPAPB translocation 
defects are only manifested at the restrictive temperature and are less pronounced than 
translocation defects for CPY and prepro--factor.  In contrast to the sec61-3 mutation 
(Stirling et al., 1992), the sec61 L7B(ala) mutation does not cause a restrictive growth 
defect at 18˚C or 37˚C, nor does it cause an obvious reduction in Sec61p expression.  
Intragenic suppressors of the sec61 L7B(ala) mutant 
 Based upon the hypothesis that SecY prl alleles increase the open probability of 
the protein translocation channel (Smith et al, 2005), we decided to test whether sec61 prl 
alleles could act an intragenic suppressors of the sec61 L7B(ala) mutation.  The sec61 prl 
alleles we tested as potential intragenic suppressors of the sec61 L7B(ala) mutation 
correspond to non-conservative substitutions in the pore ring (I86T, M294S), the lateral 
gate (L131P), or the plug domain (D61N, L66N and R67E) of Sec61p (Junne et al, 
2007). Except for sec61 M294S, these sec61 prl alleles were characterized previously 
using a CPY precursor that lacks three residues in the signal sequence (Junne et al, 2007).  
Here, the sec61 prl alleles were analyzed using CPY derivatives that lack either two 
(ppCPY2-T7) or four (ppCPY4-T7) signal sequence residues as reporters (Fig. 3.4A).  
The four residue deletion reduces both the length and overall hydrophobicity of the signal 
sequence (Fig. 3.5A).  As expected, ppCPY4-T7 is a poor substrate for translocation 
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Figure 3.4. Intragenic suppression of sec61 L7B(ala) by prl mutations.  
All strains are ssh1. (A) The prl phenotype of sec61 mutants was assayed by pulse-
labeling using the ppCPY2-T7 and ppCPY4-T7 reporters.  CPY (B) and DPAPB (C) 
were immunoprecipitated from pulse-labeled yeast strains and resolved by PAGE in SDS. 
(D) Translocation of ppCPY2-T7 and ppCPY4-T7 was assayed by pulse-labeling.  
Percent translocation (A, D) or percent precursor (B, C) is the average of two or more 
determinations; error bars designate standard deviation, or the individual data points. 
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Figure 3.5. Suppression of the prl phenotype by the sec61 L7B(ala) mutant.  
(A) Hydropathy plots of the first 60 residues of prepro-CPY and prepro-CPY4.  
Hydropathy plots were prepared using MacVector, Inc. software using the Goldman-
Engelman-Steitz algorithm.  The signal sequence (shown below) cleavage site is 
designated by the arrowheads. (B) Yeast strains that were transformed with the high copy 
SSS1 plasmid were assayed for translocation of ppCPY2-T7 and ppCPY4-T7 by 
pulse-labeling.  Values shown are the average of two determinations; error bars designate 
individual data points. 
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through the wild type Sec complex (Fig. 3.4A).  In contrast, translocation of CPY4 
ranged between 60 and 90% for the sec61 prl mutants (Fig. 3.4A).  CPY2 serves as a 
sensitive reporter for the posttranslational translocation pathway; despite the two-residue 
deletion from the signal sequence, the majority of ppCPY2 is translocated by wild type 
Sec61p and all six sec61 prl mutants.  
Double mutants (e.g. sec61 D61N L7B(ala)) were then constructed and tested for 
growth rate defects in the ssh1 background. As reported previously (Junne et al, 2007), 
most sec61 prl mutations do not cause a growth rate defect at 30 or 37˚C (Fig. 3.6A).  
The sec61 R67E mutant grows more slowly than the parental strain at 37˚C, but this 
growth defect was not aggravated by the presence of the L7B(ala) mutation.  Three of the 
six tested sec61 prl L7B(ala) double mutants (sec61 D61N L7B(ala), L131P L7B(ala) 
and M294S L7B(ala)) grow more slowly than the parental strain (SEC61 ssh1) at 30 and 
37˚ C (Fig. 3.6A).  Protein immunoblot analysis indicated that Sec61 levels were elevated 
several-fold in three of the double mutants (sec61 L7B(ala) combined with D61N, R67E 
or L131P) and reduced in several others (sec61 L7B(ala) combined with L66N or I86T).  
While the presence of higher levels of Sec61p in the slow growing strains was 
unexpected, this result indicates that a reduction in Sec61p expression is not responsible 
for the growth defects. 
The majority of the sec61 prl alleles reduced the CPY translocation defect caused 
by the sec61 L7B(ala) mutation (Fig. 3.4B), with the strongest suppression shown by the 
two pore-ring substitutions (I86T and M294S).  The slow-growing double mutants had 
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Figure 3.6. Growth rates and Sec61p expression by sec61 prl L7B(ala) double 
mutants.  
(A, C) Growth rate analysis as determined by colony size of sec61 prl and sec61 prl 
L7B(ala) mutants in the absence (A) or presence (as indicated in C) of the high copy 
SSS1 plasmid. Yeast strains were grown in YPAEG media at 30°C to mid-log phase. 
After dilution of cells to 0.1 OD at 600 nm, 5 l aliquots of 5-fold serial dilutions were 
spotted onto YPAD plates that were incubated at 30° or 37°C for 2 d. (B, D) Protein 
immunoblots of total cell extracts using antibodies specific for Sec61 and PGK. Total 
protein extracts were prepared from cells grown overnight in SD media at 30°C.  For 
immunoblots, total protein concentration was normalized to 25 g/lane using the DC 
protein assay kit (Bio-Rad Laboratories).  The combination of the sec61 L7B(ala) 
mutation and certain prl mutations yielded slow growing yeast strains that express excess 
Sec61p (panel B).  
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slightly elevated levels (5 to 10%) of the DPAPB precursor (Fig. 3.4C).  The elevated 
levels of DPAPB precursor suggest that the reduction in growth rate is explained by a 
general defect in protein translocation.  The reduced incorporation of radiolabel into 
proteins by the slow-growing strains (e.g., sec61 D61N L7B(ala)) is expected, as  
ribosome biosynthesis in yeast is coordinately regulated by protein flux through the 
secretory pathway (Mizuta & Warner, 1994).  
 We next asked whether the prl phenotype was retained by the sec61 L7B(ala) I86T 
and sec61 L7B(ala) M294S mutants (Fig. 3.4D).  In both cases, the double mutants 
showed reduced translocation of ppCPY2 and ppCPY4 relative to the wild type strain 
or to the single sec61 prl mutants (see Fig. 3.4A), indicating that the prl phenotype was 
suppressed by the L7B(ala) mutation.  
Comparison of the sec61-3, sec61 R406E and sec61 L7B(ala) mutant   
 The translocation defects and temperature sensitivities of the sec61-2 and sec61-3 
mutants are thought to be explained by degradation of Sec61p, particularly at the 
restrictive temperature (Sommer & Jentsch, 1993; Biederer et al, 1996).  The sec61-2 
(G213D (Nishikawa et al, 2001)) and sec61-3 (G341E (Wilkinson et al, 1997)) alleles 
were tested in the SSH1 background.  Overexpression of the Sss1p subunit of the yeast 
Sec61 complex suppresses the temperature sensitive lethality of the sec61-2 and sec61-3 
mutants by enhancing the stability of Sec61p (Esnault et al, 1993, 1994).  The lower 
cellular content of Sec61p in the sec61-2 and sec61-3 mutants was largely corrected by 
overexpression of Sss1p (Fig. 3.7A).  Pulse-labeling experiments conducted at 30˚C    
revealed significant defects in CPY translocation for both sec61-2 and sec61-3, but
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Figure 3.7.  Intragenic suppression of sec61-3 by prl mutations.   
Wild type and sec61 mutants in the SSH1 (A-E) or ssh1∆ (F) backgrounds were 
transformed with a high copy SSS1 plasmid as indicated, and grown at 30˚C.  (A) Protein 
immunoblots of total cell extracts using antisera for Sec61p.  CPY (B, C) and DPAPB 
(B) were immunoprecipitated from pulse-labeled yeast strains and resolved by PAGE in 
SDS. (D-F) Translocation of ppCPY∆2-T7 and ppCPY∆4-T7 was assayed by pulse-
labeling.  Percent precursor (B, C) or percent translocation (D-F) is the average of two or 
more determinations, one of which is shown here. 
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essentially normal translocation of DPAPB (Fig. 3.7B). Overexpression of Sss1p did not 
correct the defect in CPY translocation (Fig. 3.7B) indicating that the G213D (sec61-2) 
and G341E (sec61-3) mutations reduce both the activity and stability of the Sec complex. 
 Two representative prl alleles (L66N and I86T) were combined with the sec61-3 
mutant and tested as intragenic suppressors of the CPY translocation defect (Fig. 3.7C).  
The pore ring mutation (I86T) was a more effective suppressor than the plug domain 
mutation (L66N).  The combination of a prl mutation and Sss1p overexpression caused at 
best an additive improvement in CPY translocation.  The sec61-3, sec61-3 I86T and 
sec61-3 L66N mutants are severely defective in translocation of the prl reporters (Fig. 
3.7D) relative to the SEC61SSH1 control strain.  
 As a control for these experiments we tested whether the prl phenotype is 
suppressed by a mutation (sec61 R406E) that interferes with ribosome binding to Sec61, 
thereby causing a defect in the cotranslational translocation pathway (Cheng et al, 2005).  
The sec61 R406E mutation was combined with prl alleles (L66N, I86T or M294S) in 
both the SSH1 and ssh1 backgrounds.  In the presence of the Ssh1p translocon, the 
sec61 R406E strain grows normally and lacks a detectable translocation defect (Cheng et 
al, 2005).  All three double mutants (e.g., sec61 R406E I86T SSH1) showed more 
efficient translocation of ppCPY4 than the wild type strain (Fig. 3.7E).  When the sec61 
R406E ssh1 strain is shifted from a nutrient poor media (SEG; ethanol and glycerol as 
carbon sources) into media containing dextrose as a carbon source (SD), the strain 
displays a transient yet severe defect in translocation of both DPAPB and CPY(Cheng et 
al, 2005).  After undergoing an adaptation process (Mutka & Walter, 2001), which 
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includes a 4-fold reduction in growth rate, the sec61 R406E ssh1 strain displays 
relatively efficient translocation of both DPAPB and CPY (Cheng et al, 2005).  Here, we 
tested translocation of the prl reporters in double mutant strains that had undergone the 
adaptation process (Fig. 3.7F).  Despite the slow growth rate, the double mutant strains 
all showed efficient translocation of the prl reporters.  
Stabilization of double mutants by overexpression of Sss1p 
 Suppression of the CPY translocation defect of the sec61 L7B(ala) mutant by three 
of the sec61 prl alleles (R67E, L131P and M294S) could conceivably be explained by a 
reduction in precursor flux due to a reduced growth rate at 30˚C (for L131P and M294S) 
or by elevated expression of Sec61p itself (for R67E and L131P).  To experimentally 
address these possibilities, the sec61 L7B(ala) mutant and the sec61 L7B(ala) prl double 
mutants were transformed with a high copy plasmid encoding Sss1.  
 In the presence of excess Sss1p, five of the double mutants (sec61 L7B(ala) 
combined with L66N, R67E, I86T, L131P and M294S) had normal growth rates at 30˚C 
(Fig. 3.6C).  Protein immunoblot analysis indicated that differences in Sec61 content 
varied less between strains when Sss1p was overexpressed (compare Fig. 3.6B and 3.6D).  
If a reduction in growth rate or an elevation in Sec61p levels is responsible for the ability 
of the R67E, L131P and M294S prl alleles to act an intragenic suppressors, we should 
observe less effective suppression by these alleles in the presence of Sss1p.  Instead, all 
of the tested sec61 prl alleles including D61N were able to partially suppress the CPY 
translocation defect caused by the sec61 L7B(ala) mutation when excess Sss1p was 
present (Fig. 3.8A).  The three strongest intragenic suppressors correspond to polar amino 
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Figure 3.8.  Overexpression of Sss1p improves the translocation activity of the 
double mutant strains.   
Yeast strains analyzed in Fig. 3.4 were transformed with a high copy plasmid encoding 
Sss1p.  Translocation of CPY (A), DPAPB (B) and invertase (C) was assayed by pulse-
labeling.  Values shown are the average of two determinations; error bars (A, B) 
designate individual data points. 
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acid substitutions in the pore ring (I86T and M294S) or the plug domain (L66N).  Two of 
the double mutants (sec61 L7B(ala) combined with D61N or L133P) still showed a minor 
increase (5-7%) in non-integrated DPAPB relative to the control strains (Fig. 3.8B).  We 
next asked whether any of the prl mutations could suppress the defect in invertase 
translocation of the sec61 L7B(ala) mutant (Fig. 3.8C).  Several prl alleles (I86T, M294S 
and R67E) caused substantial reductions in the accumulation of the invertase precursor.  
The two double mutants that had a residual defect in DPAPB integration (sec61 L7B(ala) 
combined with D61N or L131P; Fig. 3.8B) showed the least improvement in invertase 
translocation relative to sec61 L7B(ala).  None of the sec61 double mutants retained an 
enhanced ability to translocate the prl reporters even when Sss1p was overexpressed (Fig. 
3.5B).  
Slower translocon gating by sec61 L7 mutants 
 A translocon-gating assay using the Suc2 series of UTA reporters (Johnsson & 
Varshavsky, 1994) was used to compare the in vivo gating kinetics of wild type and 
sec61 L7 mutant translocons.  The translocon gating assay measures the time required in 
vivo for the protein translocon to be gated by a ribosome-nascent chain complex (Fig. 
3.9B).  Rapid folding of the ubiquitin domain in the cytosol allows cleavage of the 
reporter by a cytosolically-localized ubiquitin specific protease (UbP) to release the 
URA3-HA segment of the reporter (Fig. 3.9B).  If translocation of the precursor into the 
ER lumen (e.g. opening of the lateral and lumenal translocon gates) has initiated before 
the ubiquitin segment emerges from the polypeptide exit tunnel on the large ribosomal 
subunit, the intact reporter will be translocated into the ER lumen.  Increasing the length 
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Figure 3.9.  L7 mutations cause a delay in translocon gating that is suppressed by 
the I86T mutation.   
(A) The Suc2 series of UTA reporters consist of (i) the N-terminal signal sequence of 
Suc2p (black, Suc2p1–19) (ii) 14- to 296-residue spacer segments (cyan) (iii) an Ub 
domain (red), (iv) a 42-residue linker (blue) with a processing site (arrowhead) for an 
UbP, and (v) a Ura3 reporter domain followed by a triple-HA tag (yellow). (B) After 
RNCs dock onto the Sec61 complex, the UTA reporter is cleaved if the Ub domain folds 
in the cytosol, but remains intact if translocon gating occurs before the Ub domain 
emerges from the polypeptide exit tunnel on the large ribosomal subunit. (C, E) In vivo 
cleavage of the Suc2 (C) and Dap2 (E) reporters.  Labels designate the intact reporter 
(e.g., 23) and cleaved (U-HA) reporter domain.  (D, F) Spacer-length dependence of Suc2 
(D) and Dap2 (F) reporter cleavage (% cytosolic Ura3-HA) in wild type and mutant 
strains was calculated after quantification of intact and cleaved forms of the reporters.  
Symbols are the averages of two or three experiments for each strain as noted, with color 
coded error bars designating either the standard deviation or the individual data points. 
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of the spacer between the signal sequence and the ubiquitin domain (Fig. 3.9A) provides 
additional time for translocon gating prior to emergence of the Ub domain from the large 
ribosomal subunit.  Quantification of the cleaved and uncleaved forms of the UTA 
reporters can be used to monitor the in vivo kinetics of translocon gating (Cheng & 
Gilmore, 2006; Jiang et al, 2008).   
 Cleavage of the Suc2 series of UTA reporters decreased rapidly as the spacer 
length was increased from 14 to 60 residues (Fig. 3.9C).  Quantification of the intact (e.g. 
Suc2-296) and the cleaved (U-HA) forms of the Suc2 UTA reporter yields the spacer 
length dependence of cleavage (Fig. 3.9D).  A biphasic curve is obtained which consists 
of a gating window and a plateau value.  In wild type cells the majority of Suc2-RNCs 
gate the Sec61 channel 12-16 sec after the signal sequence has emerged from the large 
ribosomal subunit (gating time = spacer length (23-60 residues) + Ub domain (76 
residues) divided by the protein synthesis elongation rate (~8 residues/sec; (Jiang et al, 
2008)).  Mutations in the SRP or SRP receptor cause a marked elevation in the plateau 
value indicating a reduction in precursor flux through the cotranslational pathway.  For 
example (Fig. 3.10A), less than 40% of Suc2-296 RNCs cotranslationally gate the Sec61 
complex when the RNC-targeting pathway is impaired by a mutation in the SRP receptor 
(srp102 K51I; (Ogg et al, 1998)). 
 The in vivo kinetics of cotranslational translocation is strikingly different in the 
sec61 I320-HA mutant as revealed by significantly reduced levels of intact reporter for 
all constructs with short and intermediate length spacers (Fig. 3.9C).  Translocon gating 
in the sec61 I320HA mutant occurs when the spacers are longer, corresponding to a 12 
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Figure 3.10. Translocon gating assays of the srp102 (K51I) and the sec61 I86T 
mutants.  
In vivo cleavage of the Suc2 reporters in srp102 (K51I) cells (A) or in sec61 I86T ssh1∆ 
2µ SSS1 (B).  Labels designate the intact reporter (e.g., 23) and cleaved (U-HA) reporter 
domain.  The spacer-length dependence of Suc2 reporter cleavage (% cytosolic Ura3-
HA) in wild type and mutant strains was calculated after quantification of intact and 
cleaved forms of the reporters.  Symbols are the averages of two or three experiments, 
with error bars designating either the standard deviation or the individual data points. 
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second delay in the average time required for gating of the translocon by a Suc2 RNC 
(Fig. 3.9D).  The sec61 L7B(ala) mutant showed an intermediate length of delay in 
translocon gating relative to wild type cells (Fig. 3.9C and 3.9D) which was consistent 
with the less severe defect in cotranslational translocation of Suc2 (Fig. 3.1G).   
 Do the sec61 L7 mutations cause a general defect in translocon gating, or is the 
delay in translocon gating specific for a secretory protein like Suc2?  To address this 
question we conducted the translocon gating assay using the Dap2 series of UTA 
reporters (Cheng & Gilmore, 2006) that are derived from DPAPB.  As observed 
previously (Cheng & Gilmore, 2006), most Dap2-RNCs gate the translocon within 22 sec 
after the Dap2 TM span emerges from the large ribosomal subunit (103 residue spacer + 
76 residues Ub domain divided by 8 residues/sec).  Translocon gating by Dap2-RNCs is 
delayed in the sec61 L7B(ala) mutant, albeit to a lesser extent than observed for Suc2-
RNCs (Fig. 3.9, E and F). 
 We next asked whether the prl mutations suppress the translocation defect of the 
sec61 L7B(ala) mutant by restoring normal translocon gating kinetics.  For this 
experiment we selected the sec61 I86T L7B(ala) mutation because the I86T allele was 
the most effective suppressor of the sec61 L7B(ala) mutation as detected by pulse-
labeling of CPY (Fig. 3.4B).  Remarkably, the spacer-length dependence of Suc2 UTA 
reporter cleavage resembled the SEC61 ssh1∆ strain, and lacked the gating lag that was 
displayed by the sec61 L7B(ala) ssh1∆ strain (Fig. 3.9D). Together, the results using the 
Suc2 UTA and ppCPY∆4 reporters indicate that the contrasting consequences of the 
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L7B(ala) mutation and the I86T mutation are mutually exclusive and are attenuated when 
the two mutations are combined. 
 It has been proposed that SecY prl alleles enhance translocation of prl reporters 
by changing the equilibrium between the closed and open conformations of the protein 
translocation channel (Smith et al, 2005).  If the transition between the open and the 
closed conformations of the Sec61 heterotrimer is the primary rate limiting step in the 
protein translocation reaction in a wild-type cell, one might expect that Suc2-RNCs 
would gate the translocon more rapidly in the sec61 I86T mutant.  However, if one of the 
preceding reaction steps in the translocation pathway is rate limiting, one would predict 
that the translocon gating would not be altered by the prl mutation.  Indeed, a translocon 
gating assay of the sec61 I86T strain did not reveal an additional increase in gating rate, 
but instead showed an elevation in the plateau value that was partially reversed by 
overexpression of Sss1p (Fig. 3.10B).  Thus, an earlier reaction step in the cotranslational 
targeting pathway is rate limiting in wild-type cells, while the translocon gating event is 
rate limiting in the sec61 L7B(ala) mutant. 
Discussion 
 The protein translocation channel is thought to undergo a transition between the 
resting or closed conformation and an open conformation to allow signal sequence 
insertion into the SSB site (Fig. 3.11).  The conformational change in the vicinity of the 
SSB site can be best appreciated by examining the structures of translocon lateral gates.  
A comparison of the closed conformation (Fig. 3.11A) and a partially open conformation 
(Fig. 3.11B) of prokaryotic translocation channels has suggested that the separation of the 
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Figure 3.11.  Counteracting effects of the sec61 L7B(ala) and sec61 I86T mutations.  
(A) Closed conformation of the lateral gate of the M. jannaschii SecY and (B) partially 
open conformation of the lateral gate of the T. maritima SecYEG-SecA complex are 
shown as ribbon diagrams.  Lateral gate contact residues are shown as color coded 
spheres; pore-ring residues in T. maritima SecY (I86 and I274) are shown as yellow 
spheres; all other side chains are hidden.  The regions shown are TM2 (blue), L2 (slate) 
TM3 (cyan), a portion of L6 (orange), TM7 (red), L7 (magenta) and TM8 (pink). (C-F) 
Color-coded models of wild type and mutant alleles of yeast Sec61p showing closed, 
partially open and SSB-occupied conformations of the lateral gate.  Pore ring residues 
(I86 and M294) are shown as yellow (wild type) or green (I86T) circles.  Wild-type 
(black) and mutant (gray) signal sequences are depicted in the SSB site between TM2 and 
TM7. 
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lateral gate occurs by a rigid body movement of TM 6-10 relative to TM 1-5 (Zimmer et 
al., 2008).  In the case of yeast Sec61, binding of an RNC to the cytosolic face of Sec61 
or a presecretory protein to the Sec62/Sec63 complex is proposed to initiate lateral gate 
opening (Fig. 3.11C).  The molecular mechanism of eukaryotic translocation channel 
gating by cytosolic effectors (RNCs or Sec62/Sec63 complex) has not been elucidated.  
Here, we found that mutations in lumenal loop 7 of Sec61 cause a lag in translocon 
gating which is diagnostic of delayed opening of the lateral and lumenal translocon gates.  
The mutations introduced into loop 7 are predicted to break side-chain contacts that link 
TM7 to TM8 via the mini-helix in lumenal loop 7.  Weakening of these contacts likely 
permits uncoordinated movement of TM7 and TM8 during channel gating, thereby 
delaying signal sequence insertion into the SSB site at the interface between TM2 and 
TM7 (Fig. 3.11D). 
 Our results with the sec61 L7 mutants suggest a general mechanism for how many 
deleterious sec61 alleles reduce protein translocation activity.  The sec61 L7 mutations 
had a more severe defect in translocation of two posttranslational substrates (CPY and 
Gas1p) than a cotranslational substrate (Suc2).  These pathway dependent differences in 
defect severity are reminiscent of several previously isolated sec61 alleles including 
sec61-2, sec61-3, sec61-41, sec61-87, sec61-32 and sec61-24.  The sec61-2 mutation 
(G214E; (Nishikawa et al., 2001)) maps to an invariant glycine residue between TM5 and 
TM6 that is proposed to be within a flexible hinge that permits channel opening (Van den 
Berg et al., 2004; Gumbart and Schulten, 2007).  Consistent with the location of G341 
adjacent to the sec61 L7B(ala) patch mutation (Fig.  3.1B), we observed that sec61-3 
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causes a translocation defect at the permissive temperature that is not explained by 
reduced Sec61p expression. The sec61-41, sec61-87, sec61-32 and sec61-24 mutations 
map to residues in TM3, L3 and TM4 (Pilon et al, 1998) adjacent to the N-terminal side 
of the lateral gate.  Many of these classic Sec61 mutations may interfere with the 
structural transition between the closed and open conformations of Sec61. The less severe 
impact of L7 mutations on substrates that use the cotranslational pathway is explained by 
retention of the nascent polypeptide in the immediate vicinity of the translocon pore by 
contact between the large ribosomal subunit and the cytosolic loops of Sec61.  Although 
translocon gating assays using the Dap2 series of UTA reporters revealed a delay in 
channel gating, the delay was not as great as observed using the Suc2 series of reporters.  
This differential delay in gating may explain why the sec61 L7 mutations have little or no 
impact upon translocation of DPAPB.      
 Smith and colleagues (2005) have proposed that E. coli prl mutations favor the 
transition to the open conformation of the protein translocation channel by destabilizing 
the pore ring or the plug domain of SecY.  Destabilization of the closed conformation of 
the channel would allow enhanced insertion of a precursor with a signal sequence 
mutation (Fig. 3.11E).  Molecular dynamics simulations suggest that prl mutations 
enhance the mobility of the plug domain and increase water penetration into the vicinity 
of the pore ring (Bondar et al., 2010).  It is important to stress that a prl mutation does not 
"lock" the channel in an open conformation but instead reduces the energetic barrier to 
channel opening.  Our results provide biochemical evidence that support the hypothesis 
85 
 
 
that Sec61 prl mutations act by altering the transition between the closed and open 
conformations of the protein translocation channel. 
 Two E. coli SecY prl alleles (e.g. prlA4 and prlA6) carry two point mutations in 
SecY (Smith et al., 2005).  The most thoroughly analyzed double mutant is SecY prlA4, 
which has a polar substitution in a pore-ring residue (I408N), and a second mutation 
(F286Y) in TM7 that suppresses the lethality caused by the I408N mutation (Duong & 
Wickner, 1999).  The pore ring mutation is entirely responsible for the prl phenotype, 
while the F286Y mutation causes a severe protein translocation defect if the I408N 
mutation is not present (Sako & Iino, 1988).  Further analysis indicates the F286Y 
mutation causes a defect in SecA-dependent translocon gating that partially suppresses 
the strong prl phenotype caused by the I408N mutation. Thus, the prlA4 allele provides 
precedence for phenotypic suppression by counteracting mutations in a protein 
translocation channel that impact the transition between the open and closed 
conformations.  Unlike the SecY prlA4, the double mutants we analyzed did not retain 
the ability to translocate precursors with signal sequence mutations (Fig. 3.11F).  In 
contrast, the sec61 R406E mutation did not suppress, nor was it suppressed by, prl 
mutations in either the SSH1 or ssh1∆ backgrounds consistent with the evidence that the 
sec61 R406E mutation interferes with ribosome binding.   
 The sec61 prl alleles we tested all permitted enhanced translocation of ppCPY∆4 
(Fig. 3.4A).  However, the prl alleles showed significant differences in their ability to 
counteract the L7B(ala) mutation. The combination of the sec61 L7B(ala) mutation and 
certain prl alleles yielded slow growing yeast strains that express excess Sec61p.  The 
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slow growth rates may be explained by the presence of mutations that destabilize both the 
open (L7B(ala)) and closed (R67E) conformations of Sec61, thereby reducing assembly 
of the mutant protein into active translocation channels, particularly at 37˚C.  This 
hypothesis is supported by the improvement in growth rate and translocation activity that 
is afforded upon overexpression of Sss1p.  The prl mutations (R67E and D61N) that 
caused the most severe synthetic growth defects when combined with the L7B(ala) 
mutation are thought to destabilize the plug domain of Sec61.   
 Remarkably, the two strongest suppressors (I86T and M294S) of the L7B(ala) 
mutation are pore-ring residues located in the two lateral gate TM spans (TM2 and TM7) 
that form the SSB site.  We aligned 120 diverse eukaryotic Sec61 and Ssh1 sequences 
and found that polar amino acid residues are not among observed substitutions at the pore 
ring residues in TM2 (I86) and TM7 (M294).  While the I86T and M294S mutations 
enhance translocation efficiency, these mutations reduce translocation fidelity by 
reducing the hydrophobicity threshold for sequences that can target a protein to the yeast 
posttranslational translocation pathway.  The balance between translocation efficiency 
and signal sequence recognition fidelity appears to be maintained by regulating the 
transition between the open and closed conformations of the protein translocation 
channel. 
 The location of the two strongest suppressors relative to the lateral gate suggests 
that the sec61 L7B(ala) mutation interferes with the separation of TM2 and TM7 to form 
an open SSB site.  The translocon gating assay does not measure a single reaction step, 
but instead monitors a series of sequential events including SRP recognition of the signal 
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sequence, RNC binding to the Sec61 complex, lateral and lumenal gate opening, signal 
sequence insertion into the SSB site, and finally Ub-domain insertion into the transport 
pore.  Mutations in L7 retard the gating kinetics, indicating that one of the later reactions 
steps has become strongly rate limiting.   
 The improved translocation activity of the sec61 L7B(ala) I86T mutant is 
explained by restoration of normal translocon gating kinetics (Fig. 3.9), indicating that 
the transition between the open and closed conformations of the channel is now more 
similar to wild type Sec61 (Fig. 3.11F).  The results of the current study provide insight 
into how a protein translocation channel makes the transition between the closed resting 
conformation, and an open conformation that can accommodate a signal sequence in the 
SSB site.   
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CHAPTER IV 
A cluster of residues in the lateral gate and plug domains of Sec61 regulates 
translocation channel gating  
Introduction 
An initial step in the biogenesis of many integral membrane and secreted proteins 
is the transport of the protein through the protein conducting channel (PCC) of the rough 
endoplasmic reticulum (RER).  The PCC is an evolutionarily conserved complex central 
to both the posttranslational translocation pathway as well as the signal recognition 
particle (SRP) dependent cotranslational translocation pathway.  SRP is non-essential in 
yeast and the posttranslational translocation pathway is favored (Mutka & Walter, 2001; 
Ogg et al, 1992).  In the cotranslational translocation pathway, the PCC is the Sec61 
heterotrimer or the non-essential Ssh1 heterotrimer ((Finke et al, 1996; Mandon et al, 
2009).  The Sec61 heterotrimer is accompanied by four other accessory proteins to form 
the posttranslational PCC, called the Sec complex.  The core subunit of the Sec61 
heterotrimer is a ten transmembrane span protein termed Sec61p in yeast (Sec61α in 
mammals and SecY in bacteria and archaea).  The two additional single transmembrane 
proteins are Sss1p (Sec61γ in mammals, SecE in bacteria and archaea) and the 
nonessential beta subunit Sbh1p (Sec61β, SecG and Secβ) (Panzner et al, 1995; 
Hartmann et al, 1994).   
Recent X-ray crystal structures of archeabacterial and eubacterial translocons 
have provided highly detailed views of both the closed and partially open conformations 
of the channel (Van den Berg et al, 2004; Tsukazaki et al, 2008; Zimmer et al, 2008; 
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Egea & Stroud, 2010).   In the closed structure, the ten transmembrane spans of SecY are 
arranged in two five-helix bundles (TMs 1-5 and 6-10) which compose the bulk of the 
channel.  A short helix and the loops preceding the second transmembrane span form the 
plug domain.  This helix is named for its location below the six hydrophobic pore ring 
residues in the center of the channel.  The pore ring and plug domain form a lumenal seal 
of the channel and the plug must be displaced at least 13 Å for translocation to occur 
(Lycklama a Nijeholt et al, 2010; Park & Rapoport, 2011).   
The high degree of sequence and structural homology between SecYEβ/G and 
Sec61 allows for a general mechanistic view of the structural transition between the 
closed conformation and partially gated structures.  SecY can gate in two distinct ways, 
laterally to allow integration of membrane proteins in the membrane bilayer or lumenally 
to allow translocation of proteins into the ER lumen. Opening of the channel is believed 
to occur by rigid body separation of the N-terminal and C-terminal halves of the channel, 
using loop 5 as a flexible hinge domain (Trueman et al, 2011; Pilon et al, 1998; Gumbart 
& Schulten, 2007; Van den Berg et al, 2004).  One interpretation of the partially gated 
structures is that the binding of a cytosolic partner (e.g. SecA in eubacteria) initiates the 
separation of the two halves of the channel.  This partial separation, particularly on the 
cytosolic side, allows for access of the signal sequence into the signal sequence binding 
site (SSB).  While the structures show partial gating upon interaction with the RNC, the 
specifics of the mechanism of gating are poorly understood (Tsukazaki et al, 2008; Egea 
& Stroud, 2010).  Less is known about the specifics of channel gating in the yeast 
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posttranslational translocation pathway as structures of the Sec complex have yet to be 
obtained.  
Recent structures of the RNC-Sec61, RNC-Ssh1, ribosome-SecY and ribosome-
Sec61 complexes that have been obtained by cryoelectron microscopy show that a single 
Sec61, Ssh1 or SecY heterotrimer serves as a protein conducting channel (Frauenfeld et 
al, 2011; Becker et al, 2009; Ménétret et al, 2008).  Cytosolic loops 6 and 8 of Sec61p (or 
Ssh1p) interact with the RNC at the polypeptide exit site on the large ribosomal subunit 
(Cheng et al, 2005; Becker et al, 2009; Frauenfeld et al, 2011) making contacts that are 
essential for cotranslational translocation (Cheng et al, 2005).  
 An informative class of sec61 mutants demonstrates the protein localization (prl) 
phenotype, which corresponds to a reduction in fidelity of signal sequence recognition 
leading to enhanced translocation of precursors with signal sequence mutations (Emr et 
al, 1981; Junne et al, 2007).  Point mutations which cause the prl phenotype map to 
several key domains of the translocation channel including the plug domain, pore ring 
and lateral gate domain (Junne et al, 2007; Smith et al, 2005).  These mutations are 
thought to act through the destabilization of the closed channel conformation or 
stabilization of the open conformation (Smith et al, 2005; Van den Berg et al, 2004).  Prl 
mutants are able to suppress translocation mutants which are caused by a kinetic delay in 
channel gating by increasing the channel gating rate (Trueman et al, 2011). 
Efficient protein translocation is facilitated by proper gating of the translocation 
channel, requiring movement of both the lumenal and lateral gates, to achieve a 
conformational state which allows for the free passage of the nascent polypeptide into 
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either the ER membrane or lumen.  Channel gating involves the coordinated movement 
of several domains likely regulated by several key residues.  A structural link between 
key residues would provide a mechanism to regulate channel gating in an efficient and 
coordinated manner.  If a structural link exists, residues which have a role in the 
regulation of channel gating should demonstrate cooperativity.  We sought to identify 
candidate residues which regulate channel function in a positive or negative manner.  
Substitution of these residues should influence gating to cause either a translocation 
defect phenotype as a result of poor gating or the prl phenotype from increased channel 
gating probability.  Further combination of these substitutions which then demonstrate 
additive or mutually suppressive effects of their phenotypes would support the idea these 
residues interact to form a regulatory subdomain. 
Here we have identified a conserved cluster of six residues from the plug helix 
and lateral gate domains which work in a coordinated manner to regulate translocon 
gating.  Mutations of the cluster caused either a translocation defect in the 
posttranslational translocation pathway or the prl phenotype demonstrating a varied 
capacity to influence channel gating.  Mutations which cause the prl phenotype or a 
translocation defect phenotype at these residues have an additive or mutually suppressive 
effect of their phenotypes when combined with other members of the cluster.  Our results 
demonstrate the presence of a regulatory subdomain of the translocation channel that is 
responsible for efficient channel gating particularly in the posttranslational translocation 
pathway.  
Results 
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 A structural analysis of the M. jannaschii SecYEβ translocation channel was 
performed to identify potential candidate residues of the plug helix and lateral gate 
domains.  We were particularly interested in residues of the lateral gate which provide 
contacts between the channel halves in the closed channel conformation.  The lateral gate 
of the translocation channel is composed of a total of four transmembrane (TM) spans (2, 
3, 7 and 8) which face the lipid membrane bilayer, two from each half of the channel (Fig 
4.1A).  While the majority of the lateral gate contact residues (LGCR) are hydrophobic as 
one would expect in TM spans, three polar amino acids are in an unusual location at the 
center of the membrane bilayer (Fig 4.1B).  These three residues (T80, E122 and N268) 
are in a self-satisfying hydrogen bond network in the M. jannaschii closed state and are 
LGCR, which provide the contacts between the N-terminal and C-terminal halves.  In the 
open conformation of the channel, these three residues will be exposed to the 
hydrophobic environment of the phospholipid bilayer.   
Having identified interesting candidate residues in the lateral gate, we next 
analyzed the structure to determine which residues provide a structural link to the plug 
helix domain.  From the plug domain, we selected three additional candidate residues 
(F56, F58 and W59) for further analysis.  These plug domain residues were selected on 
the basis of being either in direct contact with the lateral gate polar cluster residues or 
with the residues adjacent to them (Fig. 4.1C).  Due to the location of these contacts at 
the interface between the two gates, the selected residues are those most likely to be 
important in regulating translocation channel gating.  
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Figure 4.1 Identification of candidate residues of the lumenal and lateral gates. 
Plane of the membrane view of the SecYEβ structure from M. jannaschii.  Entire channel 
(A) and selected lateral and lumenal gate views (B-D) are color coded as follows:  SecY 
transmembrane span (TM) 2 is shown in blue and TMs 3, 7 and 8 are in cyan, red and 
magenta respectively.  Loop 2 is shown in slate and loop 7 is shown in violet.  The plug 
domain is shown in yellow.  The remaining N-terminal residues are shown in light blue 
and the C-terminal residues are shown in light red.  (B-D) SecE is shown in dark cyan 
and Secβ in orange.  The lateral gate and plug domain are colored as in panel (A).  The 
rest of the SecYEβ complex is hidden.  Lateral gate contact residues are shown as 
spheres.  Plug domain residues are shown as spheres (B and D).  (C) Candidate plug 
domain residues are shown as sticks.  The lateral gate domain is rendered semi-
transparent.  Residue number and amino acids identified in the structure correspond to the 
homologous residues found in S. cerevisiae Sec61. Figure made using PYMOL v1.3 
software using PDB file: 1RHZ (Van den Berg et al, 2004). 
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To determine if the polar cluster is a conserved feature of the lateral gate domain, 
we created sequence logos from 150 diverse eukaryotic Sec61 sequences for TMs 2, 3 
and 7 as well as the plug domain (Fig. 4.2).  The M. jannaschii lateral gate polar cluster 
residues T80, E122 and N268 correspond to residues T87, Q129, and N302 in S. 
cerevisiae. The most N-terminal residue in the lateral gate polar cluster is T87.  Sequence 
alignment shows that this is almost always a threonine or serine residue in eukaryotic 
Sec61.  Glutamine 129 of TM3, the second residue in the polar cluster, is a glutamic acid 
in the M. jannaschii SecY sequence.  Q129 is found to be either a glutamine or glutamic 
acid in almost all the sequences we compared.  The third member of the polar cluster, 
N302 of TM7, is an asparagine in both M. jannaschii SecY and in yeast.  This residue is 
also highly conserved across eukaryotic Sec61 sequences.  Polar residues are found at the 
polar cluster positions in all species indicating that the M. jannaschii SecYEβ channel is 
structurally representative of the yeast model system translocon.    
The M. jannaschii plug domain residues F56, F58, and W59 correspond to S. 
cerevisiae residues L63, W65 and L66.  While these residues are not as strictly 
conserved, they are conserved as bulky aliphatic or aromatic residues across all compared 
sequences.  Yeast residue L66 should make direct contact from the plug to the lateral gate 
polar cluster.  Based on sequence alignment, the length and hydrophobicity of the side 
chain is conserved which strongly supports the existence of this contact. 
Mutagenesis of the plug results in the prl phenotype 
Mutagenesis of the six candidate residues was designed based on sequence 
96 
 
 
Figure 4.2 Conservation of residues in the lumenal and lateral gate domains.  
(A) Sequence logos are shown for the plug domain as well as TMs 2, 3 and 7.  Residues 
are color coded by side chain property and the height of the letter is proportional to the 
conservation of the residue.  M. jannaschii sequence for the region is shown on the top 
and the S. cerevisiae sequence is shown on the bottom.  A colored diamond below a 
residue denotes a known prl allele for the position.  Red diamonds denote a prl allele in S. 
cerevisiae, blue denotes a prl allele in E. coli and cyan denotes that prl alleles are found 
at this position in both organisms.  E. coli prl alleles are taken from Table 1 in (Smith et 
al, 2005) and yeast prls are taken from Table 1 in (Junne et al, 2007).  LCGR residues 
(lateral gate contact residues) are shown for the other logos in red squares for hydrophilic 
contacts or black for hydrophobic contacts.  Lateral gate contacts (LGC) in the plug 
domain logo, designate contacts to TM2, TM3, TM7, TM8, and adjacent loops.  LGC’s 
are color coded as follows: a cyan circle denotes a contact to the N-terminal side of the 
channel, a red circle denotes a contact to the C-terminal side and violet circle denotes 
contacts to both sides.  (B) Left and right images are displayed the same as Figure 4.1 B 
and D.  Middle image, residues corresponding to S. cerevisiae L66, T87, Q129 and N302 
are shown in the M. jannaschii as sticks.  Atoms are colored by element (Blue nitrogen, 
red oxygen, green carbon).  Distances denoted as a dashed line and displayed in 
angstroms.  Sequence logos were made using website 
http://weblogo.berkeley.edu/logo.cgi. 
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alignment.  To investigate the importance of the polar cluster hydrogen bond network we 
made substitutions which modified side chain size, polarity or combinations of both.  We 
also decided to make less conserved substitutions using hydrophobic residues which 
should disrupt the network resulting in unsatisfied hydrogen bonds in the closed 
conformation.  For the plug domain, we chose to make substitutions with smaller 
hydrophobic residues including alanine to reduce the overall hydrophobic contribution of 
the side chain.  Additional substitutions at the plug candidate residues introduced polar or 
charged residues to add alternative donors and acceptors to the hydrogen bond network of 
the polar cluster.   
A plasmid shuffle procedure was used to replace wild type Sec61 with the sec61 
mutants in a haploid yeast strain which lacks the nonessential Ssh1 translocon.  The Ssh1 
channel can serve as a bypass suppressor for sec61 alleles which cause defects specific 
for the cotranslational translocation pathway (Cheng et al, 2005).  All of the resulting 
strains were viable, and do not display marked growth rate defects relative to the parental 
ssh1 strain.   
To determine their effect on channel gating regulation, the sec61 plug mutants 
were tested for the prl phenotype using carboxypeptidase Y (CPY) substrates which lack 
either 2 or 4 residues of the signal sequence.  Mutant strains which display the prl 
translocation phenotype are able to translocate the signal sequence defective substrates 
more efficiently than a wild type strain (Trueman et al, 2011; Junne et al, 2007).  
Posttranslational translocation of CPY through the heptameric Sec complex is detected 
by the N-glycosylation induced gel mobility difference between the untranslocated 
99 
 
 
precursor (ppCPY) and the ER form of proCPY (p1CPY).  The p1 form of CPY is 
observed to migrate as a doublet due to the presence of proCPY glycoforms that have 
three or four N-linked oligosaccharides.   
As reported previously (Trueman et al, 2011; Junne et al, 2007), sec61 L63N and 
L66N mutant strains display a strong prl phenotype (Fig. 4.3A).  Replacement of L63 
with polar or charged residues yielded novel mutant strains that displayed a strong prl 
phenotype (Fig. 4.3).  Decreasing (e.g. L63A) but not increasing the hydrophobic bulk of 
the L63 side chain with a large hydrophobic residue (e.g. L63W) also caused the prl 
phenotype.  A similar pattern was observed for substitutions at L66; substitutions which 
introduce a hydrogen bond donor or acceptor (L66N, L66S and L66Y), acidic residues 
(L66E) or reduction of side chain volume (L66A) caused the prl phenotype.  
Hydrophobic substitutions (e.g. L66W, L66F) had no effect on channel function.  
Mutagenesis of W65 to aspartic acid and asparagine resulted in strains with a moderate 
prl phenotype.  A decrease in the overall hydrophobicity of the side chain, even with 
substitution to alanine, had little effect at residue W65.   
The sec61 L63, W65 and L66 mutants were tested for translocation defects using 
the pathway specific substrates CPY and dipeptidylaminopeptidase B (DPAPB) by pulse 
labeling analysis (Fig. 4.3C).  Cotranslational integration of DPAPB (Ng & Walter, 
1996), which is mediated by Sec61 or Ssh1 heterotrimers, is detected by the acquisition 
of 7-8 N-linked oligosaccharides.  All of the sec61 plug mutant strains showed no 
significant defects in translocation of the cotranslational or posttranslational pathway 
specific substrates as compared to a wild type control (Fig. 4.3).   
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Figure 4.3 Mutations to residues of the plug domain cause strong prl phenotypes. 
All strains are ssh1. (A) The prl phenotype of sec61 mutants was assayed by pulse-
labeling using the ppCPY2-T7 (2) and ppCPY4-T7 (4) reporters.  Quantification of 
translocation of the p1CPY form of 2 and 4 is displayed in the bar graph.  CPY (B) 
and DPAPB (C) were immunoprecipitated from pulse-labeled yeast strains and resolved 
by PAGE in SDS. Percent translocation is the average of two or more determinations; 
error bars designate individual data points. 
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Two of the tested residues (L63 and L66) are extremely sensitive to mutagenesis 
and produce the prl phenotype through the reduction of side chain volume or with the 
substitutions of residues which provide donors or acceptors to the hydrogen bond 
network of the polar cluster. 
Mutations in lateral gate polar cluster have diverse effects on channel gating  
 We next investigated the role of the hydrogen bond network of the lateral gate 
polar cluster residues using both prl and pathway specific substrates in translocation 
assays.  For the three polar cluster residues T87, Q129 and N302, we identified 
substitutions at all three positions which resulted in novel sec61 mutant strains presenting 
the prl phenotype (Fig 4.4A left side).  The strongest prl phenotypes were caused by a 
relatively conservative substitutions of T87, Q129 or N302 with aspartic acid.  
Substitution of residue Q129 with an asparagine also caused a strong prl phenotype.  
Replacement of the polar cluster residues with other polar or charged residues resulted in 
strains with a moderate prl phenotype. 
Despite the conservation of a hydroxyl amino acid at position T87, replacement of 
the residue with a small (e.g., T87A) or hydrophobic residue (e.g., T87I, T87V) did not 
cause either a prl phenotype or translocation defect phenotype (Fig 4.4A center).  The 
sec61T87F strain showed reduced translocation of the prl reporters relative to the wild- 
type strain.  T87 was less sensitive to the effects of hydrophobic substitutions than polar 
or charged substitutions.   
Replacement of Q129 or N302 with hydrophobic amino acids (e.g. leucine and 
phenylalanine) resulted in much less efficient translocation of CPY∆2 and CPY∆4 (Fig.  
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Figure 4.4 Polar cluster residues affect channel gating in several ways. 
All strains are in the ssh1∆ background.  (A) Translocation of ppCPY∆2-T7 (T7 CPY∆2) 
and ppCPY∆4-T7 (T7 CPY∆4) were assayed by pulse-labeling.  A translocation number 
was calculated for each strain by combining the % translocation for the ppCPY∆2-T7, 
ppCPY∆4-T7 and endogenous CPY and subtracting the values for wild type.  Strains 
with a prl phenotype have a positive value (0 to 90) and strains with a translocation defect 
phenotype have a negative value (-170 to 0).  Mutant strains were classified by the 
relative severity of the phenotype.  (B) DPAPB and CPY were immunoprecipitated from 
pulse-labeled yeast strains and resolved by SDS-PAGE.  Percent translocation is the 
average of two or more determinations.
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4.4 right group).  A translocation defect was also observed using the endogenous CPY 
substrate as well as the prl reporters.  For positions Q129 and N302, we generally 
observed that substitutions with larger hydrophobic residues such as phenylalanine and 
leucine caused more severe endogenous CPY translocation defect phenotypes than 
substitutions with a small hydrophobic residue like alanine.  The prl reporters were 
generally more sensitive to translocation defects than endogenous CPY.  Replacement of 
residues Q129 and N302 with polar or nonpolar residues affects channel function in two 
distinct ways as either a gain of function (prl phenotype) or a loss of function 
(translocation defect) phenotype.   
The sec61Q129W and sec61N302W alleles presented an inconsistency with 
respect to the effect seen upon introduction of hydrophobic residues.  sec61Q129W 
showed wild type translocation activity for all the substrates tested.  The sec61N302W 
strain had an observed translocation defect for the prl substrates but wild type 
translocation for endogenous CPY.  None of the tested sec61 substitutions strains had an 
accumulation of the DPAPB precursor, suggesting that the cotranslational translocation 
pathway was not affected by the mutation of these residues.   
 Previous prl alleles discovered through screens in E. coli and yeast identified 
substitutions at only hydrophobic residues (e.g., L131P) in the lateral gate domain (Smith 
et al, 2005; Junne et al, 2007).  The majority of the mutations we made in the lateral gate 
polar cluster have an effect on channel function.  We report here a new domain of Sec61 
which corresponds to novel prl alleles that had not identified previously by saturation 
screens.   
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Mutations of the lateral gate polar cluster are specific to the posttranslational 
translocation pathway 
 Multiple substitutions in the polar cluster residues Q129 and N302 caused a defect 
in the posttranslational translocation of CPY but did not cause a defect in cotranslational 
translocation of DPAPB.  We considered several hypotheses which could explain the 
observed result.  Membrane proteins might be less sensitive to the perturbation of the 
lateral gate than non-membrane proteins.  The increased hydrophobicity of membrane 
protein signal sequences could also be more effective at gating the partially open channel.  
The more hydrophobic signal sequence of a membrane protein could insert into the SSB 
site more efficiently than the less hydrophobic signal sequence of secreted proteins.   
Alternatively, the differences could be due to cotranslational versus posttranslational 
substrate targeting.  The cytosolic effector that gates the channel is different for 
membrane and non-membrane proteins.  To address these possibilities and determine if 
only the posttranslational translocation pathway is affected in the mutant strains, we used 
a CPY substrate which contains either two or four mutations in the signal sequence to 
increase signal sequence hydrophobicity.  The increase in the hydrophobicity of the CPY 
signal sequence should redirect the CPY mutant substrates to the cotranslational 
translocation pathway.  Support for the rationale that the mutant CPY would be targeted 
to the cotranslational pathway comes from the use of a CPY mutant substrate in previous 
experiments.  It has been demonstrated that a mutant CPY substrate, in which the signal 
sequence had been replaced with the transmembrane span of DPAPB, shifted to using a 
cotranslational translocation pathway (Ng & Walter, 1996). 
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 We constructed three T7-tagged CPY substrates, two of which had two added 
leucine mutations (T5L and S6L or C9L and G10L) and one which had all four positions 
mutated to leucine.  The substitution of leucines, particularly in positions five and six, 
increase the overall hydrophobicity of the signal sequence (Fig 4.5A).  The leucine 
substitutions do not alter the overall length of the signal sequence or affect the predicted 
site of signal sequence cleavage.  All three of these reporters were efficiently translocated 
by wild type strains.  The mutant substrates have similar mobility to wild type CPY 
demonstrating that signal sequence cleavage is occurring.  Signal sequence removal 
demonstrates that these substrates are not being retained as membrane proteins.  The T7-
CPY+2B (T5L and S6L) did have a minor amount of precursor accumulation as 
compared to the other substrates.  We then tested the CPY mutants in a strain where the 
cotranslational translocation pathway is disrupted by a mutation in the SRP receptor 
(srp102 K51I; (Ogg et al, 1998)).  The cotranslational translocation defective strain had a 
complete block in translocation of T7- CPY+4L substrate and a partial block of the CPY 
with mutations T5L and S6L.  We also tested a sec63 mutant strain where the 
posttranslational translocation pathway is disrupted (Ng & Walter, 1996).  In the sec63 
mutant strain T7-CPY and T7-CPY+2A are blocked, while T7-CPY+4L is not. This 
observation supports the hypothesis that the increase of hydrophobicity of the CPY signal 
sequence results in a shift from the posttranslational to the cotranslational translocation 
pathway for the substrate.    Polar cluster mutations with strong posttranslational 
translocation defects (e.g. N302L and Q129L) were assayed using the cotranslational 
CPY substrates.  The T7-CPY+4L substrate was efficiently translocated by both the 
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Figure 4.5 Polar cluster mutant strains can translocate a modified CPY substrate 
using a cotranslational translocation pathway 
(A) Hydrophilicity plots for ppCPY-T7 (WT), ppT7-CPY C9L G10L (2A), ppT7-CPY 
T5L S6L (2B) and ppT7-CPY T5L S6L C9L G10L (4) (B) All strains are ssh1∆ except 
for the sec63-201 mutant strain.  Translocation of ppCPY-T7 (WT), ppT7-CPY C9L 
G10L (2A), ppT7-CPY T5L S6L (2B) and ppT7-CPY T5L S6L C9L G10L (4) were 
assayed in pulse-labeled yeast strains and resolved by SDS-PAGE.  Quantification of the 
p1CPY form of each substrate is displayed in the graph below.  Percent translocation is 
the average of two or more determinations, one of which is shown here; error bars 
designate individual data points. 
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sec61N302L and sec61Q129L mutant strains.  T7-CPY-2B mutant showed reduced 
accumulation of precursor relative to wild type CPY when tested in the sec61N302L and 
sec61Q129L mutant strains.  These data support the conclusion that cotranslational 
translocation channel gating remains unaffected in the polar cluster mutant strains.   
Candidate residues cooperate in affecting channel gating 
We were able to identify substitutions at residues Q129 and N302 which enhance 
or reduce channel function.  To support the existence of a structural link between the 
lumenal and lateral gates, we asked if these residues, along with the plug domain, could 
be working in a cooperative manner as a regulatory subdomain.  To address this question, 
we combined similar and contrasting mutations to determine if the resulting phenotypes 
were either additive or mutually suppressive in a sec61 double mutant strain.  
We chose to combine mutations of the plug residue L66 with mutations in the 
polar cluster due to the direct interaction observed for the corresponding residues in the 
M. jannaschii SecYEβ X-ray crystal structure.  Double mutants which combine a prl 
allele or a translocation defect allele with a wild type like mutant (e.g. T87A and T87V) 
resulted in a sec61 double mutant strain which maintained the prl or translocation defect 
phenotype.  Combining a mutation that causes a prl phenotype with a mutation that 
causes a translocation defect phenotype yields a mutually suppressive effect and resulted 
in channels which were either wild type or had the prl phenotype.  When the L66S 
mutant was combined with the Q129L mutant the strain showed translocation similar to 
that of wild type Sec61.  When Q129L or N302L were combined with L66N the resulting 
strain had a prl phenotype.  This result demonstrates the mechanism of the prl phenotype 
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Table 4.6 Residues of the polar cluster work in a cooperative manner 
Candidate residues from the plug domain and lateral gate polar cluster were combined to 
form haploid sec61 mutant strains which contained both mutations.  First column list the 
sec61 double mutant.  The second and third columns list the class of mutation for each 
single mutant.  The final column lists the resulting phenotype for each double mutant 
strain.  A translocation number was calculated for each strain by combining the % 
translocation for the ppCPY∆2-T7, ppCPY∆4-T7 and endogenous CPY and subtracting 
the values for wild type.  Strains with a prl phenotype have a positive value (0-90) and 
strains with a translocation defect phenotype have a negative value (-170-0).   
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varies with the type of substitution made for a particular residue.  Combination of two prl 
alleles together such as L66N N302D or N302D Q129N resulted in a strain which 
maintained the prl phenotype but in most cases did not show enhanced transport of the prl 
reporters as compared to the single site mutants.  These results demonstrate that members 
of the lateral gate polar cluster work in a cooperative manner to regulate translocon 
channel gating. 
Discussion 
The opening of the lumenal and lateral gates of the translocon is a critical step in 
the proper translocation of substrates either into the ER lumen or the membrane bilayer.  
The SecYE structure from T. thermophilus and the SecYE structure from T. maritima 
provide evidence which suggests that the translocation channel partially opens in 
response to the binding of cytosolic partners (Tsukazaki et al, 2008; Zimmer et al, 2008).  
This partial gating results in the opening of the cytosolic side of the channel to allow 
access of the signal sequence into the SSB site.  Efficient translocation of substrates 
through the translocon requires coordinated opening of both the lumenal and lateral gates 
in response to targeting of substrates to the channel.  While some structural requirements 
of gating are known (e.g. displacement of the plug and separation of the channel halves) 
the mechanism that promotes this conformational change is poorly understood.  A 
structural link between these two gates provides a mechanism to achieve coordinated 
opening of the lateral and lumenal gates. 
Here we have characterized six candidate residues, three from the plug domain 
(L63, W65 and L66) and three from the lateral gate domain (T87, Q129 and N302) which 
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work in a cooperative manner to regulate channel gating.  The direct contact between the 
lumenal gate and lateral gate residues was a critical basis for candidate selection as these 
contacts provide a structural explanation for functional cooperativity. Substitutions at two 
of the candidate residues, Q129 and N302, resulted in sec61 mutant strains with gain of 
function or loss of function phenotypes depending on the nature of the substitution.  
Substitutions which alter the hydrogen bond network of the channel (e.g. sec61Q129N) 
caused the prl phenotype, while substitutions which replaced the polar residues with a 
bulky hydrophobic amino acid (e.g. sec61Q129L) caused a translocation defect 
phenotype.  Our results provide evidence that these residues interact with each other 
across the two sides of the channel as well as to the residues of the plug domain to affect 
channel gating.  
The prl class of mutations is found in multiple domains of the translocation 
channel including the plug domain, pore ring and the lateral gate domains.  These 
mutations are thought to reduce the fidelity of signal sequence recognition through 
destabilization of the closed conformation of the channel (Smith et al, 2005; Van den 
Berg et al, 2004).  Previous studies in yeast have not led to the identification of prl alleles 
that mapped to T87, Q129 or N302 (Junne et al, 2007; Trueman et al, 2011).  Two of the 
members of the polar cluster (T87 and N302) are conserved in E. coli (S87 and Q131) 
though prl alleles at these positions have not been previously reported (Smith et al, 2005).  
Molecular dynamics simulations support a mechanism in which prl mutations disrupt the 
hydrogen bonds important for the stabilization of the closed channel conformation 
(Bondar et al, 2010).  Our mutations affect the hydrogen bond network in the lateral gate 
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domain in which all donor and acceptors are satisfied while in the closed channel 
conformation.  Substitution of these residues resulted in similar effects to those suggested 
by molecular dynamics simulations.  The disruption of the hydrogen bond network which 
stabilizes the closed conformation can affect channel function.  If we disrupt those 
hydrogen bonds required to stabilize the channel but do not affect the rigidity of the 
individual halves of the channel, the channel should be able to open easier resulting in a 
prl phenotype.  The size of the substituted residue’s side chain did have a significant 
effect on strength of the phenotype (e.g. N302D vs. N302E).  Substitution of the bulky 
aromatic residue tyrosine may disrupt the hydrogen bond network, while at the same time 
increase hydrophobic contacts across the lateral gate.  This may explain why the location 
of the tyrosine substitutions had contradictory effects varying from moderate (T87Y) to 
mild (N302Y) prl phenotypes, as well as being inhibitory to translocation function 
(Q129Y).   
Our data suggests that elimination of polar residues in the polar cluster generally 
have a negative effect on channel gating, as seen through the accumulation of CPY 
precursor in translocation assays.  Hydrophobic substitutions of the polar cluster residues 
results in a continuous hydrophobic interface across the lateral gate and the lipid 
membrane bilayer.  This may cause a hyperstabilization of the channel in the closed 
conformation leading to a translocation defect phenotype.  The contribution of each side 
of the lateral gate seemed to be equal as the sec61Q129L and N302L mutants had a 
similar translocation defect phenotype.  The combination of both Q129L and N302L in a 
double mutant strain had an effect similar to the individual mutants.  This result suggests 
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that the overall effect is caused by the disruption of the hydrogen bond between them.  
The loss of that hydrogen bond though is insufficient to cause a strong translocation 
defect phenotype.  Q129A and N302A mutants, substitutions which remove the hydrogen 
bond donor and acceptors but do not introduce a bulky side chain, only reduce the 
translocation of the sensitive prl reporters.  The most severe translocation defect 
phenotype observed in the polar cluster was rather moderate (60% CPY precursor) as 
compared to other known sec61 mutant strains.  This defect was insufficient to suppress a 
strong prl such as L66N, a prl allele which previously has been reported to be suppressed 
by structural perturbation of lumenal loop 7 (Trueman et al, 2011).  The moderate effect 
the residues have on channel function suggests that the role they serve is to modulate 
gating function and not open the channel themselves.   
Hydrophobic substitutions of the plug domain (L63, W65 and L66) did not cause 
defects in protein translocation.  Replacement of these well conserved hydrophobic 
residues with another bulky hydrophobic residue had no effect on channel function that 
we could detect.  Various isosteric substitutions in the plug domain had very different 
effects.  This difference is best observed in the sec61L66N strain.  This substitution is 
particularly interesting since these amino acids are isosteric to each other and differ only 
in polarity. These data support the hypothesis that it is not the change in side chain 
volume which causes a prl phenotype but modification of the hydrogen bond network. 
This idea is further supported by other different sized substitutions of the plug domain 
(e.g.W65A, L63W and L66W) which had no effect on channel function.   
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Prl alleles of the plug domain are likely caused by two different mechanisms.  
Isosteric polar subsitutions (e.g. L66N and L63N) are capable of providing a new donor 
and acceptor to the lateral gate polar cluster.  This interaction should disrupt the network 
of the lateral gate polar cluster leading to a prl phenotype similar to that seen when 
making a substitution of the polar cluster residues themselves.  L66A and L63A also 
cause a strong prl phenotype but cannot interact with the polar cluster due to the small 
size of the side chain.  Clearly the disruption of the plug interaction to adjacent residues 
is sufficient to cause a strong prl phenotype, even while the lateral gate polar cluster 
remains intact.   
The substitution of leucine residues into the CPY signal sequence generated a 
substrate capable of switching from the posttranslational to the cotranslational 
translocation pathway.  Polar cluster mutations with strong translocation defects for CPY 
were able to efficiently translocate the substrate using a cotranslational pathway.  These 
data demonstrate that the effects caused by mutagenesis is either exclusive to the 
mechanism used by the posttranslational translocation pathway or that the RNC is able to 
compensate for these deleterious effects.  Our results provide novel insights into the 
mechanism of the protein localization phenotype and the cooperativity of residues in the 
regulation of translocation channel gating. 
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CHAPTER V 
Deletion and insertion mutagenesis of the lumenal loops of Sec61p 
Introduction 
The X-ray structure from M. jannaschii SecYEβ provides the first high resolution 
model for the translocation channel.  Based upon the structure, it has been proposed that 
the two halves of the channel could open in a clam shell like fashion.  The two halves of 
the channel are arranged in two-five helix bundles and TMs 1-5 and 6-10 are only 
connected by single lumenal loop, loop 5, referred to as the hinge loop.   
The hinge loop contains several distinct structural features.  The M. jannaschii 
hinge loop begins at the end of TM 5, contains a small four residue loop (GPEG) referred 
to as HL-1, an eleven residue helix, and a second three residue loop (GVP) before the 
beginning of TM 6 (Fig 1.3C) referred to as HL-2.  Looking at the structure, there was no 
obvious rationale for whether one or both of these small loops would serve as the hinge 
of the channel upon opening.  Steered force molecular dynamics simulations were 
performed to help identify the hinge loop.  The simulations placed the closed state 
channel in a lipid membrane environment and then applied a constant force upon the 
channel to open it in the proposed clam shell fashion (Gumbart & Schulten, 2007).  The 
channel opened only using the GPEG loop suggesting that this loop was sufficient to 
serve as the hinge of the channel. 
The question was then asked whether this loop serves as the translocation channel 
hinge in all species.  Sequence alignment of eukaryotic Sec61s with the M. jannaschii 
SecY including the S. cerevisiae Sec61suggests that the loop, hinge, loop structural 
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features are conserved.  In yeast, the two hinge loops contain eukaryotic insertion 
segments of eleven and twelve residues respectively.  The GPEG motif in the first hinge 
loop is not strictly conserved, but many eukaryotic HL-1 sequences do contain glycines 
and a proline which suggests that loop flexibility and the kink may be functionally 
significant.  We hypothesized that the eukaryotic insertion segments found in the yeast 
HL-1 and HL-2 loops would be functionally important.  In order to determine this 
specific function, we investigated the effects of expanding or deleting the eukaryotic 
insertion segments in the hinge loop region.   
 A second region of interest in the M. jannaschii SecYEβ structure is the plug 
domain which contains the loop between the first and second TM span as well as a small 
helix.  Due to its location directly beneath the pore ring, the plug domain would be 
required to move in order to accommodate a translocating polypeptide.  Crosslinks 
between a cysteine residue in the plug helix and a cysteine on the lumenally exposed 
segment of E. coli SecE, which would displace the plug helix by 20 Å, results in a lethal 
phenotype.  This observation demonstrates that the plug domain can be displaced, likely 
toward the c-terminus of SecE though the exact reason for the strain lethality is not 
known but is likely due to having a constitutively open channel (Harris & Silhavy, 1999).  
Deletion of the plug in yeast has a rather minor effect on translocation and no measurable 
effect on growth (Junne et al, 2006).   
These data suggest that it is either movement of the plug or structural perturbation 
in this region which affects channel function.  To further understand the importance of 
the plug domain, we inserted HA epitopes at several sites in the domain.  We also 
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inserted HA epitopes into each of the surface exposed loops in Sec61 to screen for 
functional importance of these loops.  
Results 
Deletion and insertion mutagenesis of the hinge loops 
 To determine the role of the eukaryotic L5 insertion segments in channel function, 
both individual and combined deletions of the insertion segments (∆201-211, ∆229-240) 
were introduced into Sec61 to mimic the hinge loops in M. jannaschii.  In a second set of 
mutants, the HA-epitope peptide (YPYDVPDYA) was inserted into the yeast Sec61 
sequence at the beginning of the two hinge loops after residues G208 or R238 in order to 
further expand the loops.  A plasmid shuffle procedure was used to replace wild type 
Sec61 with the sec61 deletion or insertion mutants in a haploid yeast strain that either 
contains or lacks the nonessential Ssh1 translocon.   
In the case of the loop 5 deletions, the elimination of the insertion sequences 
caused a moderate growth defect phenotype in yeast strains that lacked the Ssh1 
translocon when grown on nutrient rich YPAD media (Fig. 5.1A).  Deletion of the second 
insertion segment resulted in a more severe growth defect than the first.  The combination 
of the two deletions had an additive effect and resulted in a more severe growth defect 
phenotype.  The growth defect phenotype was more severe at 37°C and less severe on 
nutrient-poor YPAEG media (ethanol and glycerol as carbon sources).  Ssh1 is known to 
serve as a bypass suppressor of growth defects for mutations which affect the 
cotranslational translocation pathway (Cheng et al, 2005).  The presence of Ssh1 was 
able to suppress the growth defect of the individual deletions and partially suppress the 
121 
 
 
Figure 5.1 Growth rate analysis of wild type and sec61 mutant strains. 
Haploid yeast strains expressing wild type or mutant alleles of Sec61p from a low copy 
plasmid were grown to mid-log phase in SD media at 30˚C. Growth rates, as determined 
by colony size, of strains containing either SSH1 or ssh1∆ (A), ssh1∆ (B) or ssh1∆ (top 
strain of the pair) and SSH1 (bottom strain of the pair) (C) were compared by 5 fold 
serial dilution analysis on either YPAD or YPAEG plates. 
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double deletion mutant (Fig. 5.1A).  These data suggest the deletion strains have either a 
cotranslational or general translocation defect phenotype.  HA epitope insertion 
mutations into the hinge loop caused no observable growth defect (Fig. 5.1B) hence 
hinge loop expansion is tolerated.   
Translocation assays of sec61 hinge loop mutants 
In order to determine the functional significance of the eukaryotic insertion 
segments in the hinge loops, translocation assays were performed using the 
posttranslational substrate carboxypeptidase Y (CPY) and the cotranslational substrate 
dipeptidylaminopeptidase B (DPAPB) by pulse labeling (Ng & Walter, 1996).  Deletion 
of the eukaryotic insertion segment in the first hinge loop caused a moderate 
translocation defect for both substrates (Fig. 5.2).  Accumulation of precursor for the 
posttranslational substrate CPY occurs independent of the presence or absence of Ssh1p. 
A larger accumulation of precursor was observed for the cotranslational substrate 
DPAPB in the ssh1 null strain.   
Deletion of the second L5 eukaryotic insertion segment resulted in a similar, but 
milder, translocation defect phenotype than that which is seen upon the deletion of the 
first loop (Fig. 5.2). The combination of the two deletions results in severe translocation 
defect for both substrates tested.  This translocation defect phenotype was observed in 
both the presence and absence of the Ssh1 translocon.  In contrast to the hinge loop 
deletions, increasing the length of either of the insertion segments by insertion of the HA 
epitope did not cause a translocation defect (e.g., G208HA, Fig. 5.2). 
HA-tag insertion into the plug domain is detrimental 
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Figure 5.2 General translocation defect phenotypes are caused by deletion of 
eukaryotic insertion sequences but not epitope insertions in Sec61p loop 5. 
(A) Wild type or mutant cells (4 A600) were collected and pulse-labeled for 7 min.  CPY 
and DPAPB immunoprecipitates were resolved by SDS-PAGE.  The glycosylated ER 
forms of CPY (p1CPY) and DPAPB were resolved from non-glycosylated precursors 
(ppCPY and pDPAPB).  (B) Quantification of non-glycosylated precursors.  
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The HA epitope was inserted into loop 7 of Sec61 to screen for functionally 
important segments of L7 and resulted in the identification of two sites (I320 and S340). 
These two sites of HA-tag insertions cause a strong translocation defect, particularly for 
posttranslational substrates.  To determine if other lumenal loops of Sec61 have 
functional significance, the HA epitope was inserted into three sites near the plug domain 
helix (V55, D61 and N73). As with other mutants, a plasmid shuffle procedure was used 
to replace wild type Sec61 with the sec61 HA-tag insertion mutants in haploid yeast 
strains that contain or lack the nonessential Ssh1 translocon.  Insertion of the HA tag in 
two sites (V55 or D61) which precede the plug helix resulted in a lethal phenotype.  HA-
tag insertion at residue N73 resulted in a strain which was viable and displayed a slow 
growth defect phenotype (Fig. 5.1C).   
To investigate the role of plug domain in translocation function, we performed 
translocation assays for the sec61 N73HA and plug deletion mutant strains.  Deletion of 
the plug domain has a very mild effect on translocation function, in agreement with data 
now published (Junne et al, 2006), (Fig. 5.3).  The sec61 N73HA mutant displays a 
strong translocation defect for CPY, almost as severe as the sec61 I320HA mutant (Fig. 
5.3).  Unlike the sec61 I320HA mutant, sec61 N73HA mutant causes a small 
accumulation of DPAPB precursor, suggesting a general defect in protein translocation.  
To confirm the observed translocation defect phenotype, a second posttranslational 
substrate Gas1p was also tested.  The sec61 N73HA mutation caused a moderate 
accumulation of Gas1 precursor (Fig. 5.3C).  For this translocation substrate, the sec61 
N73HA mutant had less of a defect than seen for CPY translocation.  The sec61 N73HA 
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Figure 5.3 Extension of plug helix loop affects translocation. 
(A) Translocation of CPY and DPAPB was assayed by pulse-labeling. (C) The 
nonglycosylated precursor (pGas1) was resolved from glycosylated Gas1 by PAGE in 
SDS.  Quantification of the nonglycosylated precursors of CPY, DPAPB (B) and Gas1 
(D).  Red asterisk denotes the addition of the glycosylation inhibitor tunicamycin which 
results in the presence of deglycosylated Gas1 (dg-Gas1p).     
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has a more moderate posttranslational translocation mutant than sec61 I320HA (Fig. 
5.3A). 
We also inserted the HA-tag into sites across from loop 7 adjacent to the lateral 
gate in loop 3 (N138, S143 and L147), which connects TMs 3 and 4.  HA insertions into 
the loop 3 sites did not cause any observable growth defect phenotype (Fig. 5.1B, e.g. 
S143HA).  The expansion of loop three by insertion of the HA epitope also yielded 
strains with wild type translocation activity (e.g. S143HA, Fig. 5.2). 
CPY processing in posttranslational translocation mutants 
In order to better understand the mechanism of the posttranslational translocation 
defect observed in the sec61 N73HA and sec61 I320HA mutants, a steady state analysis 
of translocation substrates was performed.  Steady state expression levels and processing 
of two of the previously tested substrates DPAPB and CPY as well as OST1 were 
determined by western blot analysis.  OST1 is a substrate which uses both the 
cotranslational and posttranslational translocation pathways (Ng & Walter, 1996).  All 
samples were run alternatively with Endo H treatment to help distinguish between the 
processing forms of the substrate proteins.  Processing of CPY results in the addition of 4 
N-linked oligosaccharides and cleavage of the pro sequence in the vacuole. The final 
mature form of CPY co-migrates with pp-CPY as the precursor still contains a signal 
sequence and the pro sequence. Digestion of CPY with Endo H removes the glycans and 
causes the mature form of CPY to run at a faster mobility than the precursor, allowing for 
easy differentiation between the two proteins.  Both sec61 mutant strains assayed exhibit 
an accumulation of hypoglycosylated forms of OST1 and CPY, though overall expression  
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Figure 5.4 Substrate steady state analysis of HA epitope insertion mutants. 
Protein immunoblots of total cell extracts prepared for wild type and mutant yeast strains 
using antisera for (A) OST1, (B) DPAPB and (C) CPY.  Total cell extracts were treated 
with Endo H as denoted to differentiate between the mature and precursor forms of CPY.  
The red asterisk denotes a nonspecific band.  The red bracket denotes hypoglycosylated 
m-CPY in the sec61 I320HA and sec61 N73HA strains.   
 
131 
 
 
 
 
132 
 
 
Figure 5.5 Analysis of CPY processing by HA-tag insertion mutants. 
(A) Biogenesis of CPY.  Cytosolic CPY contains the following three domains: a 
cleavable signal sequence (red), a pro sequence (green) and the mature protein domain 
(blue).  Upon translocation into the ER, the signal sequence is cleaved and glycosylation 
sites are glycosylated (denoted as Y).  Transport into the golgi results in trimming and 
modification of the added carbohydrates (denoted as m).  After carbohydrate 
modification, CPY is then transported to its final destination, the vacuole, where the pro 
sequence is removed resulting in the mature form of CPY.  (B and C) Pulse chase 
labeling of CPY.  The sec61 I320HA strain was pulse labeled for 7 minutes and 
subsequently chased as previously described (Cheng et al, 2005).  Yeast cells were 
harvested at five minute intervals and total cell extracts were treated with Endo H as 
denoted to differentiate better the mature form of CPY and pp-CPY.  The black asterisk 
denotes addition of glycosylation inhibitor tunicamycin.  The downward pointing arrow 
in the 30’, Endo H digested lane designates a mixture of pp-CPY and deglycosylated p1 
and p2-CPY.  
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levels of the proteins appear to be similar to wildtype (Fig. 5.4A and C).  Mature CPY 
was detected in extracts prepared for the HA insertions mutants (Fig. 5.4C) suggesting 
that despite the translocation defects seen in pulse label experiments, steady state levels 
for CPY were not dramatically reduced.  Hypoglycosylated forms of DPAPB were not 
present though the overall amount of m-DPAPB appeared to be lower for sec61 I320HA 
mutant as compared to wild type (Fig. 5.4B).  A caveat with these conclusions is that the 
band intensity of the blot may have exceeded the linear detection range for X-ray film.  
We do not know why the hypoglycosylated forms of CPY are present in the mutant 
strains while normal glycosylation of DPAPB is observed.   
Large amounts of CPY precursor were observed when the sec61 I320HA mutant 
was pulse labeled.  To follow the processing of posttranslational translocation substrates, 
further analysis of the CPY substrate in the sec61 I320HA mutant was examined in a 
pulse chase experiment.  Once again, samples were alternatively treated with Endo H to 
distinguish between mature CPY and pp-CPY.  The total amount of CPY and prepro-
CPY decreased during the thirty minute chase period.  The accumulation of mature CPY 
occurred but at a rate which is slower than known for a wild type stain (Fig. 5.4C) 
(Silberstein et al, 1998).  Since the majority of the initially labeled prepro-CPY does not 
chase into mature CPY or p1 and p2 forms of PCY, the major fate of the precursor is 
degradation.   
Deletion of the eukaryotic expansion segments in L7 
Sec61 has two insertions (IS-1 and IS-2) in L7 relative to the M. jannaschii SecY 
(Fig. 5.6).  The Sec61p inserts were deleted to obtain the sec61 ∆IS-1 and sec61 ∆IS-2  
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Figure 5.6 Deletion mutagenesis of loop 7.   
(A) HA-tag insertion sites (P315, I320, S340 and E354) and eukaryotic insertion 
segments (IS-1 and IS-2) are mapped onto a ribbon diagram of residues 271-322 of M. 
jannaschii SecY as viewed from the exoplasmic face of the membrane.  With the 
exception of insertion sites, side chains have been removed for clarity.  Short segments of 
TM7 and TM8 are blue, L7 is magenta. (B) Translocation defects of sec61 L7 mutants.  
Wild type or mutant cells (4 A600) were collected and pulse-labeled for 7 min.  CPY and 
DPAPB immunoprecipitates were resolved by SDS-PAGE.  The glycosylated ER forms 
of CPY (p1CPY) and DPAPB were resolved from non-glycosylated precursors (ppCPY 
and pDPAPB).  Quantified values are the average of two or more experiments, one of 
which is shown here.   
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mutants.  Defects in CPY translocation for the mutants were moderate for sec61 ∆IS-2 
and severe for sec61 ∆IS-1 (Fig 5.6).  For the sec61 ∆IS-1 and sec61 ∆IS-2 mutants, the  
CPY translocation defect is not supressed by expression of the Ssh1 translocon.  Though 
the mutants have defects in CPY translocation they are not defective in DPAPB 
integration (Fig. 5.6).  As shown in Chapter III, mutagenesis of loop 7 has a more severe 
impact on the posttranslational translocation pathway.   
Discussion 
 The translocation channel has been proposed to open in a clam shell like fashion.  
Previous studies, in agreement with our sec61 L7 mutation data, suggests that the channel
separates as two rigid bodies using loop 5 as a flexible hinge (Van den Berg et al, 2004; 
Gumbart & Schulten, 2007).  The M. jannaschii structure has a hinge loop which, in 
yeast, is expanded in two places.  Our data demonstrates that the insertion segments are 
important for proper opening of the yeast translocation channel.  The first insertion 
segment is particularly important for proper channel function.  
 In the M. jannaschii structure, the first hinge loop is directed at the C-terminal 
lumenal segment of SecE.  The extra residues of the yeast Sec61 likely make contacts 
with a face of the C-terminal helix of Sss1p (SecE homologue).  The removal of these 
residues may reduce the rigidity of the N-terminal half of Sec61 through global 
instability.  Destabilization of the channel could interfere with the conformational change 
required to open the channel.  The combination of the strong growth defect and the weak 
translocation defect of the HL-2 deletion suggests that these residues may be important 
for protein stability, rather than activity.  The sequence of the second eukaryotic hinge 
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loop is quite hydrophilic, so it is likely that this loop is exposed to the ER lumen.  Strong 
translocation defects observed for the double deletion of the hinge loop insertion 
segments provide strong evidence for the requirement of these residues in hinge 
flexibility and channel opening.  Expansion of the second hinge loop had no effect on 
translocation function suggesting that this loop could accommodate the insertion of a 
larger protein domain. 
The current literature provides evidence that movement of the plug is essential for 
translocation function (Tam et al, 2005; Maillard et al, 2006; Lycklama a Nijeholt et al, 
2010).  Our results demonstrate that the plug domain tolerates deletions, but does not 
tolerate insertions. Expansion of the loop preceding the plug resulted in a lethal 
phenotype while an insertion after the plug was viable.  We were unable to determine, 
based on the available structures, a rationale for the lethal versus nonlethal consequences 
of the HA-tag inserts into the plug domain.  Due to the lack of a rationale we decided not 
to further investigate this region at this time.   
L7 mutants cause a kinetic delay in channel gating. This kinetic delay leads to 
accumulation of precursor in the cytosol.  To compensate for the kinetic delay in 
translocation, the accumulated precursor substrate could be either eventually translocated 
or targeted for degradation.  Our results demonstrate that while the mutant channels are 
capable of translocating a detectable amount of CPY which is processed to the mature 
form, the majority of the CPY precursor is degraded.   
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CHAPTER VI 
Discussion 
 Protein translocation into the RER is an important step in the biogenesis of many 
secreted and integral membrane proteins.  This process is essential to the life cycle of the 
cell and its importance necessitates further investigation into the mechanisms involved.  
The refinement and improvement of our model for protein translocation is only a part of 
our understanding in the long and complex biosynthesis pathway of integral membrane 
and secreted proteins. The work of this thesis focuses on the center of translocation 
pathway, the protein conducting channel and the underlying structural components 
required to modulate its gating function.   
Previous to this work, recent studies have provided several high resolution 
structures of the closed and partially gated conformations of the translocation channel.    
In addition to the X-ray structures, lower resolution cryo-EM structures which contain 
both the translocation channel and a nascent chain provide strong evidence that a single 
copy of the Sec61 heterotrimer forms the active channel.  While these structures have 
advanced our understanding of the channel’s closed conformation and stoichiometry, 
little is known about the molecular mechanism of channel gating and of the active 
channel conformation.  For the posttranslational translocation pathway, even less 
information is known about the mechanism of channel gating, as high resolution 
structures have yet to be obtained for the yeast Sec complex. The available structures 
help provide the best current model for translocation channel function but they are an 
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incomplete picture.  Since our hypotheses are based on the structural assumptions 
provided by these studies, it should be noted that our models contain a structural bias. 
 We have identified several structural features of the channel which are 
responsible for efficient channel gating, particularly in the posttranslational translocation 
pathway.  Our data, in agreement with molecular dynamics studies (Gumbart & Schulten, 
2007), support the view that the channel opens by a rigid body separation of the N-
terminal and C-terminal halves. Disruption of hydrophobic contacts in L7 by mutagenesis 
interferes with channel gating.  Posttranslational translocation substrate precursors 
accumulate as a result of the loss of channel rigidity.  The kinetic delay caused by L7 
mutations affects channel function particularly in the posttranslational translocation 
pathway.  The kinetic delay of channel opening corresponds to a decrease in the substrate 
turnover rate for each channel.  Due to the increased time that substrates remain bound to 
each posttranslational PCC, some chaperone bound substrates will not have an available 
translocation channel.  These precursors which accumulate in the cytosol are eventually 
targeted for degradation.   
Translocation of cotranslational substrates are less affected in the loop 7 mutant 
strains.  Tight binding of the RNC to the channel could allow the ribosome to overcome 
the consequences of a flexible channel more efficiently than that which can be 
accomplished by the cytosolic chaperones in the posttranslational translocation pathway.  
We found that sec61 mutations which negatively affect channel gating consistently had 
less of an impact on the cotranslational translocation pathway. DPAPB has been the 
canonical substrate for the cotranslational translocation pathway.  DPAPB translocation 
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is not reduced in sec62 and sec63 mutant strains (Ng & Walter, 1996).  It is possible that 
DPAPB is not representative of the majority of the substrates which use the 
cotranslational translocation pathway.  The cotranslational substrate invertase shows an 
accumulation of precursor in our mutant strains demonstrating that some substrates are 
more sensitive to the mutations in loop 7.  UTA assays do demonstrate a kinetic delay 
using DPAPB based reporters with shorter spacers.  This opens a new avenue of 
investigation to determine the effect of substrate length and signal sequence 
hydrophobicity on translocation channel gating.  Additional cotranslational translocation 
substrates need to be analyzed to develop a better understanding of the impact of polar 
cluster and L7 mutants on the cotranslational translocation pathway.   
 The hydrogen bond network of the lateral gate domain is critical for efficient 
channel gating.  Mutagenesis of the lateral gate polar cluster led to the identification of 
several novel sec61 alleles which have defects in CPY translocation.  Mutagenesis of the 
lateral gate cluster and the plug domain identified many novel sec61 alleles that cause the 
prl phenotype.  These results further support the idea that modification of the Sec61 
hydrogen bond network leads to the destabilization of the closed conformation of the 
channel.  The prl alleles do not “lock” the channel in an open conformation but instead 
increase the gating probability (Bondar et al, 2010).  It is important to note that 
destabilization of the closed conformation is not the same as decreased global stability of 
the protein in the context of protein folding.    
Lateral gate polar cluster mutations were combined with each other and plug 
domain prl mutations to investigate if the residues worked in a co-functional manner.  
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Interesting results were obtained when we combined the contrasting phenotypes.  Certain 
plug domain prl alleles (e.g. sec61L66S) were suppressed by a strong lateral gate 
translocation mutant (e.g. sec61Q129L), while other plug domain mutants (e.g. 
sec61L66N) were not.  Other combinations between two prl mutants or two translocation 
defect mutations resulted in double mutant strains which resembled the phenotype of the 
individual point mutants. Mutually suppressive and additive phenotype effects of the two 
combined mutations demonstrate cooperative function between the residues of lateral 
gate polar cluster.   
The sec61I86T mutation did not show an increased rate of channel gating 
compared to a wild type as monitored in our translocation gating assay.  The UTA assay 
does measure a summation of many steps, and the gating step is not rate limiting for the 
prl mutant.  prl mutations can compensate for the loss of rigidity seen in the L7 mutants 
by counteracting the negative effects of the increased loop flexibility on channel opening.  
This data supports the mechanism that prl mutations make it easier for the channel to 
gate, not at a faster rate. Double mutant combinations of a prl mutant with a translocation 
defect mutant have been previous studied in E. coli. The most thoroughly analyzed 
double mutant is prlA4.  This secY mutant has a polar substitution in the pore-ring 
(I408N) which causes a strong prl phenotype, and a second mutation (F286Y) in TM7 
that suppresses the lethality caused by the I408N mutation (Duong & Wickner, 1999).  
Similar to sec61L7 mutants in our study, the TM7 F286Y mutation causes a defect in 
SecA-dependent translocon gating that partially suppresses the strong prl phenotype 
caused by the I408N mutation (Sako & Iino, 1988).  These data combined with our 
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results demonstrate that we have found a general feature of translocation channel gating 
present in multiple species. 
Some differences between E. coli secY and yeast sec61 mutants are observed, 
particularly in the case of the prl mutants.  The yeast sec61 prl alleles are not as 
promiscuous to signal sequence mutagenesis or deletion as their E. coli counterparts.  
Many yeast prl alleles cause a reduced adherence to the positive inside rule resulting in 
the improper topology of substrate proteins, though a similar assay has not been directly 
tested in E. coli.  The stronger prl phenotype in E. coli may be the result of differences in 
substrate targeting.  SecB recognizes its substrates by the mature region of the protein 
and not by the signal sequence (Derman et al, 1993).  This may lead to SecB and SecA 
targeting a larger portion of signal sequence defective substrates to the channel than in 
the yeast posttranslational pathway.   
The identified regulatory residues of Sec61 likely represent only a subset of those 
responsible for the complete modulation of channel gating.  We have identified a cluster 
of polar residues in the center of the lateral gate interface adjacent to the plug domain.  
Additional polar residues are present further down at the lumenal end of lateral gate.  
Sequence alignment suggests that T136 and Q308 in S. cerevisiae may make contacts 
across the lateral gate, and that Q308 may contact L63 in the plug domain.  These 
residues, while present in yeast, correspond to nonpolar residues in the M. jannaschii so 
we do not have a good model for the hydrogen bond network.  Despite the lack of 
conservation between eukaryotic Sec61 and archeal SecY, these lateral gate residues are 
likely to show similar effects to the polar cluster and may further expand the mechanistic 
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understanding of posttranslational translocation gating.  The interior of the channel closer 
to the hinge loop is likely to contain additional regulatory candidate residues.  One area 
of interest is where the plug meets the pore ring. Yeast plug residue alanine 71 is an 
invariant residue of the plug which interacts with the pore ring residues of TMs 2 and 5 
as well as phenylalanine 43 of TM1.  These and other residues are likely to be part of an 
extended hydrophobic network responsible for the stabilization and movement of the 
plug domain. 
Signal sequence hydrophobicity may be an important driving force in channel 
gating after binding to the SSB site.  The large shift which occurs to the channel in 
response to the binding of a cytosolic effector in the absence of a polypeptide suggests 
that the cytosolic side of the channel plays a large role in channel gating for the 
cotranslational translocation pathway.  Determination of the residues which compose the 
SSB site will provide key information to understanding the mechanism of channel 
opening.  Once we know which residues are important for signal sequence binding, we 
can then determine how they interact with the key gating regulation residues.  This 
information would help provide a molecular mechanism of channel gating in the 
cotranslational and posttranslational translocation pathways.   
Obtaining X-ray crystal structures of channels which contain translocation defect 
mutations would help elucidate the mechanism of the channel gating.  These structures 
would show the effects of these mutations on the closed conformation of the channel.  
Better understanding of the prl phenotype mechanism could also be significantly 
advanced by solving a structure which contains a strong prl mutation.  Obtaining the X-
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ray structure of a prl mutant would provide valuable information about the perturbation 
of the hydrogen bond network involved in channel stability, global rearrangement of the 
channel, and how this improves the probability of channel gating.  Using the prl 
mutations L66N and N302D would be particularly informative as this might reveal how 
coupling between the lateral gate domain and plug domain regulate channel gating.  The 
L66N mutation should cause reorganization of the lateral gate polar cluster by providing 
additional competing hydrogen bond donors and acceptors.  One would expect that the 
polar cluster would be turned to face the plug helix.  The twist of these residues should 
cause some separation of the two halves of the lateral gate.  It is also possible that a 
structure containing the L66N mutation would show distortion of the plug helix domain 
as compared to the wild type closed structure to accommodate the new hydrogen bond.  
For the N302D prl allele, the disruption of the lateral gate polar cluster would likely 
cause some minor separation of the lateral gate.  One might expect the resulting structure 
to resemble the partially gated structure seen for T. thermophilus SecYE (Tsukazaki et al, 
2008).  Alterations in the structure would show the role of rigidity in channel gating and 
help identify other important residues which may play a significant role and cannot be 
identified using the closed conformation of the channel.  Molecular dynamics simulations 
have attempted to get some of this information but are limited due to the complexity of 
the protein conducting channel including the presence of a lipid bilayer.  Furthermore, a 
structure of the SecYEβ which contains both a prl and a translocation mutant would 
provide structural conformation of the mechanism we have biochemically investigated.  
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This would also provide a means to identify additional key residues which are involved in 
the modulation of the channel gating. 
   
.  
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